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PREFACE 


The student who has completed some elementary study of symbolic 
logic and wishes to pursue the subject further finds himself in a discouraging 
situation. He has, perhaps, mastered the contents of Venn’s Symbolic 
Logic or Couturat’s admirable little book, The Algebra of Logic, or the 
chapters concerning this subject in Whitehead’s Universal Algebra. If he 
read German with sufficient ease, he may have made some excursions into 
Schréder’s Vorlesungen tiber die Algebra der Logik. These all concern the 
classic, or Boole-Schréder algebra, and his knowledge of symbolic logic is 
probably confined to that system. His further interest leads him almost 
inevitably to Peano’s Formulaire de Mathématiques, Principia Mathematica 
of Whitehead and Russell, and the increasingly numerous shorter studies 
of the same sort. And with only elementary knowledge of a single kind of 
development of a small branch of the subject, he must attack these most 
difficult and technical of treatises, in a new notation, developed by methods 
which are entirely novel to him, and bristling with logico-metaphysical 
difficulties. If he is bewildered and searches for some means of further 
preparation, he finds nothing to bridge the gap. Schréder’s work would 
be of most assistance here, but this was writtei some twenty-five years 
ago; the most valuable studies are of later date, and radically new methods 
have been introduced. 

What such a student most needs is a comprehensive survey of the sub- 
ject—one which will familiarize him with more than the single system 
which he knows, and will indicate not only the content of other branches 
and the alternative methods of procedure, but also the relation of these to 
the Boole-Schréder algebra and to one another. The present book is an 
attempt to meet this need, by bringing within the compass of a single 
volume, and reducing to a common notation (so far as possible), the most 
important developments of symbolic logic. If, in addition to this, some 
of the requirements of a “handbook”’ are here fulfilled, so much the better. 

But this survey does not pretend to be encyclopedic. A gossipy recital 
of results achieved, or a superficial account of methods, is of no more use 
in symbolic logic than in any other mathematical discipline. What is 
presented must be treated in sufficient detail to afford the possibility of real 
insight and grasp. This aim has required careful selection of material. 
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The historical summary in Chapter I attempts to follow the main thread 
of development, and no reference, or only passing mention, is given to 
those studies which seem not to have affected materially the methods of 
later researches. In the remainder of the book, the selection has been 
governed by the same purpose. Those topics comprehension of which 
seems most essential, have been treated at some length, while matters less 
fundamental have been set forth in outline only, or omitted altogether. 
My own contribution to symbolic logic, presented in Chapter V, has not 
earned the right to inclusion here; in this, I plead guilty to partiality. 
The discussion of controversial topics has been avoided whenever possible 
and, for the rest, limited to the simpler issues involved. Consequently, 
the reader must not suppose that any sufficient consideration of these 
questions is here given, though such statements as are made will be, I hope, 
accurate. Particularly in the last chapter, on “Symbolic Logic, Logistic, 
and Mathematical Method’, it is not possible to give anything like an 
adequate account of the facts. That would require a volume at least the 
size of this one. Rather, I have tried to set forth the most important and 
critical considerations—somewhat arbitrarily and dogmatically, since there 
is not space for argument—and to provide such a map of this difficult terri- 
tory as will aid the student in his further explorations. 

Proofs and solutions in Chapters IJ, III, and IV have been given very 
fully. Proof is of the essence of logistic, and it is my observation that stu- 
dents—even those with a fair knowledge of mathematics—seldom command 
the technique of rigorous demonstration. In any case, this explicitness can 
do no harm, since no one need read a proof which he already understands. 

I am indebted to many friends and colleagues for valuable assistance in 
preparing this book for publication: to Professor W. A. Merrill for emenda- 
tions of my translation of Leibniz, to Professor J. H. McDonald and 
Dr. B. A. Bernstein for important suggestions and the correction of certain 
errors in Chapter II, to Mr. J. C. Rowell, University Librarian, for assistance 
in securing a number of rare volumes, and to the officers of the University 
Press for their patient helpfulness in meeting the technical difficulties of 
printing such a book. Mr. Shirley Quimby has read the whole book in 
manuscript, eliminated many mistakes, and verified most of the proofs. 

But most of all, Iam indebted to my friend and teacher, Josiah Royce, 
who first aroused my interest in this subject, and who never failed to give 
me encouragement and wise counsel. Much that is best in this book is 


due to him. Cele wie: 
BrerKxeey, July 10, 1917. 
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THE DEVELOPMENT OF SYMBOLIC LOGIC 


I. Tue Score or Sympouic Loaic. Sympoxic Logic aNnp LoGIsTIC. 
Summary Account oF THEIR DEVELOPMENT 


The subject with which we are concerned has been variously referred 
to as “symbolic logic’, “logistic”, “algebra of logic’”’, “calculus of logic”, 
“mathematical logic”, “algorithmic logic’’, and probably by other names. 
And none of these is satisfactory. We have chosen “symbolic logic” 
because it is the most commonly used in England and in this country, and 
because its signification is pretty well understood. Its inaccuracy is 
obvious: logic of whatever sort uses symbols. We are concerned only 
with that logic which uses symbols in certain specific ways—those ways 
which are exhibited generally in mathematical procedures. In particular, 
logic to be called “symbolic” must make use of symbols for the logical 
relations, and must so connect various relations that they admit of “trans- 
formations” and “operations’”’, according to principles which are capable 
of exact statement. 

If we must give some definition, we shall hazard the following: Symbolic 
Logie is the development of the most general principles of rational pro- 
cedure, in ideographic symbols, and in a form which exhibits the connection 
of these principles one with another. Principles which belong exclusively 
to some one type of rational procedure—e. g. to dealing with number and 
quantity—are hereby excluded, and generality is designated as one of the 
marks of symbolic logic. 

Such general principles are likewise the subject matter of logic in any 
form. To be sure, traditional logic has never taken possession of more 
than a small portion of the field which belongs to it. The modes of Aristotle 
are unnecessarily restricted. As we shall have occasion to point out, the 
reasons for the syllogistic form are psychological, not logical: the syllogism, 
made up of the smallest number of propositions (three), each with the small- 
est number of terms (two), by which any generality of reasoning can be 
attained, represents the limitations of human attention, not logical necessity. 
To regard the syllogism as indispensable, or as reasoning par excellence, is 
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the apotheosis of stupidity. And the procedures of symbolic logic, not 
being thus arbitrarily restricted, may seem to mark a difference of subject 
matter between it and the traditional logic. But any such difference is 
accidental, not essential, and the really distinguishing mark of symbolic 
logic is the approximation to a certain form, regarded as ideal. There are 
all degrees of such approximation; hence the difficulty of drawing any hard 
and fast line between symbolic and other logic. 

But more important than the making of any such sharp distinction is 
the comprehension of that ideal of form upon which it is supposed to 
depend. The most convenient method which the human mind has so far 
devised for exhibiting principles of exact procedure is the one which we 
call, in general terms, mathematical. The important characteristics of 
this form are: (1) the use of ideograms instead of the phonograms of 
ordinary language; (2) the deductive method—which may here be taken 
to mean simply that the greater portion of the subject matter is derived 
from a relatively few principles by operations which are “exact’’: and 
(3) the use of variables having a definite range of significance. 

Ideograms have two important advantages over phonograms. In the 
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first place, they are more compact, + than “plus”, 3 than “three”’, ete. 
This is no inconsiderable gain, since it makes possible the presentation of a 
formula in small enough compass so that the eye may apprehend it at a 
glance and the image of it (in visual or other terms) may be retained for 
reference with a minimum of effort. None but a very thoughtless person, 
or one without experience of the sciences, can fail to understand the enor- 
mous advantage of such brevity. In the second place, an ideographic 
notation is superior to any other in precision. Many ideas which are 
quite simply expressible in mathematical symbols can only with the greatest 
difficulty be rendered in ordinary language. Without ideograms, even 
arithmetic would be difficult, and higher branches impossible. 

The deductive method, by which a considerable array of facts is sum- 
marized in a few principles from which they can be derived, is much more 
than the mere application of deductive logic to the subject matter in 
question. It both requires and facilitates such an analysis of the whole 
body of facts as will most precisely exhibit their relations to one another. 
In fact, any other value of the deductive form is largely or wholly fictitious. 

The presentation of the subject matter of logic in this mathematical 
form constitutes what we mean by symbolic logic. Hence the essential 
characteristics of our subject are the following: (1) Its subject matter is 
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the subject matter of logic in any form—that is, the principles of rational 
or reflective procedure in general, as contrasted with principles which 
belong exclusively to some particular branch of such procedure. (2) Its 
medium is an ideographic symbolism, in which each separate character 
represents a relatively simple and entirely explicit concept. And, ideally, 
all non-ideographic symbolism or language is excluded. (3) Amongst the 
ideograms, some will represent variables (the “terms” of the system) 
having a definite range of significance. Although it is non-essential, in 
any system so far developed the variables will represent “individuals”, 
or classes, or relations, or propositions, or “propositional functions”, or 
they will represent ambiguously some two or more of these. (4) Any 
system of symbolic logic will be developed deductively—that is, the whole 
body of its theorems will be derived from a relatively few principles, stated 
in symbols, by operations which are, or at least can be, precisely formulated. 

We have been at some pains to make as clear as possible the nature of 
symbolic logic, because its distinction from “ordinary”’ logic, on the one 
hand, and, on the other, from any mathematical discipline in a sufficiently 
abstract form, is none too definite. It will be further valuable to comment 
briefly on some of the alternative designations for the subject which have 
been mentioned. 

“Logistic”? would not have served our purpose, because “logistic’’ is 
commonly used to denote symbolic logic together with the application of 
its methods to other symbolic procedures. Logistic may be defined as 
the science which deals with types of order as such. It is not so much a 
subject as a method. Although most logistic is either founded upon or 
makes large use of the principles of symbolic logic, still a science of order 
in general does not necessarily presuppose, or begin with, symbolic logic. 
Since the relations of symbolic logic, logistic, and mathematics are to be 
the topic of the last chapter, we may postpone any further discussion of 
that matter here. We have mentioned it only to make clear the meaning 
which “logistic” is to have in the pages which follow. It comprehends 
symbolic logic and the application of such methods as symbolic logic exempli- 
fies to other exact procedures. Its subject matter is not confined to logic. 

“Algebra of logic’”’ is hardly appropriate as the general name for our 
subject, because there are several quite distinct algebras of logic, and 
because symbolic logic includes systems which are not true algebras at all. 
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“The algebra of logic’ usually means that system the foundations of 


which were laid by Leibniz, and after him independently by Boole, and 
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which was completed by Schrider. We shall refer to this system as the 
“Boole-Schréder Algebra ”’. 

“Calculus” is a more general term than “algebra”. By a “calculus” 
will be meant, not the whole subject, but any single system of assumptions 
and their consequences. 

The program both for symbolic logic and for logistic, in anything like a 
clear form, was first sketched by Leibniz, though the ideal of logistic seems 
to have been present as far back as Plato’s Republic.’ Leibniz left frag- 
mentary developments of symbolic logic, and some attempts at logistic 
which are prophetic but otherwise without value. After Leibniz, the two 
interests somewhat diverge. Contributions to symbolic logic were made by 
Ploucquet, Lambert, Castillon and others on the continent. This type of 
research interested Sir William Hamilton and, though his own contribution 
was slight and not essentially novel, his papers were, to some extent at 
least, responsible for the renewal of investigations in this field which took 
place in England about 1845 and produced the work of De Morgan and 
Boole. Boole seems to have been ignorant of the work of his continental 
predecessors, which is probably fortunate, since his own beginning has 
proved so much more fruitful. Boole is, in fact, the second founder of the 
subject, and all later work goes back to his. The main line of this develop- 
ment runs through Jevons, C. 8. Peirce, and MacColl to Schréder whose 
Vorlesungen tiber die Algebra der Logik (Vol. I, 1890) marks the perfection 
of Boole’s algebra and the logical completion of that mode of procedure. 

In the meantime, interest in logistic persisted on the continent and 
was fostered by the growing tendency to abstractness and rigor in mathe- 
matics and by the hope for more general methods. Hamilton’s quaternions 
and the Ausdehnungslehre of Grassmann, which was recognized as a con- 
tinuation of the work begun by Leibniz, contributed to this end, as did also 
the precise logical analyses of the nature of number by Cantor and Dedekind. 
Also, the elimination from “modern geometry” of all methods of proof 
dependent upon “intuitions of space” or “construction”? brought that 
subject within the scope of logistic treatment, and in 1889 Peano provided 
such a treatment in I Principii di Geometria. Frege’s works, from the 
Begrifsschrift of 1879 to the Grundgesetze der Arithmetik (Vol. I, 1893; 
Vol. II, 1903) provide a comprehensive development of arithmetic by the 
logistic method. 


* See the criticisms of contemporary mathematics and the program for the dialectic 
or philosophic development of mathematics in Bk. v1, Step.510-11 and Philebus, Step. 56-57. 
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In 1894, Peano and his collaborators began the publication of the 
Formulaire de Mathématiques, in which all branches of mathematics were to 
be presented in the universal language of logistic. In this work, symbolic 
logic and logistic are once more brought together, since the logic presented 
in the early sections provides, in a way, the method by which the other 
branches of mathematics are developed. The Formulaire is a monumental 
production. But its mathematical interests are as much encyclopedic as 
logistic, and not all the possibilities of the method are utilized or made 
clear. It remained for Whitehead and Russell, in Principia Mathematica, 
to exhibit the perfect union of symbolic logic and the logistic method in 
mathematics. The publication of this work undoubtedly marks an epoch 
in the history of the subject. The tendencies marked in the development 
of the algebra of logic from Boole to Schréder, in the development of the 
algebra of relatives from De Morgan to Schréder, and in the foundations 
for number theory of Cantor and Dedekind and Frege, are all brought 
together here.? Further researches will most likely be based upon the 
formulations of Principia Mathematica. 

We must now turn back and trace in more detail the development of 
symbolic logic. A history of the subject will not be attempted, if by 
history is meant the report of facts for their own sake. Rather, we are 
interested in the cumulative process by which those results which most 
interest us today have come to be. Many researches of intrinsic value, 
but lying outside the main line of that development, will of necessity be 
neglected. Reference to these, so far as we are acquainted with them, will 
be found in the bibliography.‘ 

Il. Lereniz 

The history of symbolic logic and logistic properly begins with Leibniz.’ 
In the New Essays on the Human Understanding, Philalethes is made to 
say:® “I begin to form for myself a wholly different idea of logic from 
that which I formerly had. I regarded it as a scholar’s diversion, but I 
now see that, in the way you understand it, it is like a universal mathe- 


2 Perhaps we should add ‘and the modern development of abstract geometry, as by 
Hilbert, Pieri, and others”, but the volume of Principia which is to treat of geometry has 
not yet appeared. 

3 The remainder of this chapter is not essential to an understanding of the rest of the 
book. But after Chapter 1, historical notes and references are generally omitted. 

4 Pp. 389-406. 

’ Leibniz regards Raymond Lully, Athanasius Kircher, John Wilkins, and George 
Dalgarno (see Bibliography) as his predecessors in this field. But their writings contain 
little which is directly to the point. 

6 Bk. rv, Chap. xvu, § 9. 
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matics.” As this passage suggests, Leibniz correctly foresaw the general 
character which logistic was to have and the problems it would set itself 
to solve. But though he caught the large outlines of the subject and 
actually delimited the field of work, he failed of any clear understanding 
of the difficulties to be met, and he contributed comparatively little to 
the successful working out of details. Perhaps this is characteristic of the 
man. But another explanation, or partial explanation, is possible. Leibniz 
expected that the whole of science would shortly be reformed by the appli- 
cation of this method. This was a task clearly beyond the powers of any 
one man, who could, at most, offer only the initial stimulus and general 
plan. And so, throughout his life, he besought the assistance of learned 
societies and titled patrons, to the end that this epoch-making reform might 
be instituted, and never addressed himself very seriously to the more 
limited tasks which he might have accomplished unaided.” Hence his 
studies in this field are scattered through the manuscripts, many of them 
still unedited, and out of five hundred or more pages, the systematic results 
attained might be presented in one-tenth the space.® 

Leibniz’s conception of the task to be accomplished altered somewhat 
during his life, but two features characterize all the projects which he 
entertained: (1) a universal medium (“universal language”’ or “rational 
language”’ or “universal characteristic’) for the expression of science; 
and (2) a calculus of reasoning (or “universal calculus’’) designed to display 
the most universal relations of scientific concepts and to afford some sys- 
tematic abridgment of the labor of rational investigation in all fields, much 
as mathematical formulae abridge the labor of dealing with quantity and 
number. “The true method should furnish us with an Ariadne’s thread, 
that is to say, with a certain sensible and palpable medium, which will 
guide the mind as do the lines drawn in geometry and the formulae for 
operations which are laid down for the learner in arithmetic.’’ 

This universal medium is to be an ideographic language, each single 
character of which will represent a simple concept. It will differ from 
existing ideographic languages, such as Chinese, through using a combina- 


7 The editor’s introduction to “Scientia Generalis. Characteristica” in Gerhardt’s 
Philosophischen Schriften von Leibniz (Berlin, 1890), vu, gives an excellent account of 
Leibniz’s correspondence upon this topic, together with other material of historic interest. 
(Work hereafter cited as G. Phil.) 

*See Gerhardt, op. cit. especially rv and vu. But Couturat, La logique de Leibniz 


(1901), gives a survey which will prove more profitable to the general reader than any 
study of the sources. 


* Letter to Galois, 1677, G. Phil., vil, 21. 
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tion of symbols, or some similar device, for a compound idea, instead of 
having a multiplicity of characters corresponding to the variety of things. 
So that while Chinese can hardly be learned in a lifetime, the universal 
characteristic may be mastered in a few weeks.!° The fundamental char- 
acters of the universal language will be few in number, and will represent 
the “alphabet of human thought”: “The fruit of many analyses will be the 
catalogue of ideas which are simple or not far from simple.” With this 
catalogue of primitive ideas—this alphabet of human thought—the whole 
of science is to be reconstructed in such wise that its real logical organiza- 
tion will be reflected in its symbolism. 

In spite of fantastic expression and some hyperbole, we recognize here 
the program of logistic. If the reconstruction of all science is a project too 
ambitious, still we should maintain the ideal possibility and the desirability 
of such a reconstruction of exact science in general. And the ideographic 
language finds its realization in Peano’s Formulaire, in Principia Mathe- 
matica, and in all successful applications of the logistic method. 

Leibniz stresses the importance of such a language for the more rapid 
and orderly progress of science and of human thought in general. The 
least effect of it “... will be the universality and communication of 
different nations. Its true use will be to paint not the word . . . but the 
thought, and to speak to the understanding rather than to the eyes. . 
Lacking such guides, the mind can make no long journey without losing 
its way... : with such a medium, we could reason in metaphysics 
and in ethics very much as we do in geometry and in analytics, because the 
characters would fix our ideas, which are otherwise too vague and fleeting 
in such matters in which the imagination cannot help us unless it be by 
the aid of characters.’’!2 The lack of such a universal medium prevents 
cooperation. “The human race, considered in its relation to the sciences 
which serve our welfare, seems to me comparable to a troop which marches 
in confusion in the darkness, without a leader, without order, without any 
word or other signs for the regulation of their march and the recognition of 
one another. Instead of joining hands to guide ourselves and make sure 
of the road, we run hither and yon and interfere with one another.” 

The “alphabet of human thought” is more visionary. The possibility 
of constructing the whole of a complex science from a few primitive con- 


10 Letter to the Duke of Hanover, 1679 (?), @. Phil., vit, 24-25. 
u@G, Phil., vit, 84. 

2G, Phil., vu, 21. 

13 G, Phil., vu, 157. 
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cepts is, indeed, real—vide the few primitives of Principia Mathematica. 
But we should today recognize a certain arbitrariness in the selection of 
these, though an arbitrariness limited by the nature of the subject. The 
secret of Leibniz’s faith that these primitive concepts are fixed in the nature 
of things will be found in his conception of knowledge and of proof. He 
believes that all predicates are contained in the (intension of the) subject 
and may be discovered by analysis. Similarly, all truths which are not 
absolutely primitive and self-evident admit of reduction by analysis into 
such absolutely first truths. And finally, only one real definition of a 
thing—‘“real’’ as opposed to “nominal’’—is possible;* that is, the result 
of the correct analysis of any concept is unambiguously predetermined in 
the concept itself. 

The construction, from such primitives, of the complex concepts of 
the various sciences, Leibniz speaks of as “synthesis” or “invention’’, 
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and he is concerned about the “art of invention”. But while the result of 
analysis is always determined, and only one analysis is finally correct, 
synthesis, like inverse processes generally, has no such predetermined 
character. In spite of the frequent mention of the subject, the only im- 
portant suggestions for this art have to do with the provision of a suitable 
medium and of a calculus of reasoning. To be sure there are such obvious 
counsels as to proceed from the simple to the complex, and in the early 
essay, De Arte Combinatoria, there are studies of the possible permutations 
and combinations or “syntheses” of fundamental concepts, but the author 
later regarded this study as of little value. And in Initia et Specimina 
Scientie nove Generalis, he says that the utmost which we can hope to 
accomplish at present, toward the general art of invention, is a perfectly 
orderly and finished reconstruction of existing science in terms of the 
absolute primitives which analysis reveals.’ After two hundred years, 
we are still without any general method by which logistic may be used in 
fields as yet unexplored, and we have no confidence in any absolute primi- 
tives for such investigation. 

The calculus of reasoning, or universal calculus, is to be the instrument 
for the development and manipulation of systems in the universal language, 
and it is to get its complete generality from the fact that all science will be 
expressed in the ideographic symbols of that universal medium. The 
calculus will consist of the general principles of operating with such ideo- 

4 See G. Phil., vr, 194, footnote. 

HOCr, Teale, Snay, Be 
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graphic symbols: “All our reasoning is nothing but the relating and sub- 
stituting of characters, whether these characters be words or marks or 
images.” Thus while the characteristica universalis is the project of the 
logistic treatment of science in general, the universal calculus is the pre- 
cursor of symbolic logie. 

The plan for this universal calculus changed considerably with the 
development of Leibniz’s thought, but he speaks of it always as a mathe- 
matical procedure, and always as more general than existing mathematical 
methods.'’ The earliest form suggested for it is one in which the simple 
concepts are to be represented by numbers, and the operations are to be 
merely those of arithmetical multiplication, division, and factoring. When, 
later, he abandons this plan of procedure, he speaks of a general calculus 
which will be concerned with what we should nowadays describe as “types 
of order”’—with combinations which are absolute or relative, symmetrical 
or unsymmetrical, and so on.!* His latest studies toward such a calculus 


(73 


form the earliest presentation of what we now call the “algebra of logic”’. 
But it is doubtful if Leibniz ever thought of the universal calculus as 
restricted to our algebra of logic: we can only say that it was intended to 
be the science of mathematical and deductive form in general (it is doubtful 
whether induction was included), and such as to make possible the appli- 
cation of the analytic method of mathematics to all subjects of which 
scientific knowledge is possible. 

Of the various studies to this end our chief interest will be in the early 
essay, De Arte Combinatoria,® and in the fragments which attempt to 
develop an algebra of logic.*° 

Leibniz wrote De Arte Combinatoria when he was, in his own words, 
viz egressus ex EXphebis, and before he had any considerable knowledge of 
mathematics. It was published, he tells us, without his knowledge or 
consent. The intention of the work, as indicated by its title, is to serve the 
general art of rational invention, as the author conceived it. As has been 
mentioned, it seems that this end is to be accomplished by a complete 
analysis of concepts of the topic under investigation and a general survey 
of the possibilities of their combination. A large portion of the essay is 
concerned with the calculation of the possible forms of this and that type 


16 G. Phal., vu, 31. 

17 See New Essays on the Human Understanding, Bk. 1v, Chap. xvu, §§ 9-13. 

18 See G. Phil., vu, 31, 198 ff., and 204. 

19@, Phil., 1v, 35-104. Also Gerhardt, Leibnizens mathematische Schriften (1859), v, 
1-79, 

20 Scientia Generalis. Characteristica, xv-xx, G@. Phil., vu. 
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of logical construct: the various dyadic, triadic, etce., complexes which 
can be formed with a given number of elements; of the moods and figures 
of the syllogism; of the possible predicates of a given subject (the com- 
plexity of the subject as a concept being itself the key to the predicates 
which can be analyzed out of it); of the number of propositions from a 
given number of subjects, given number of predicate relations, and given 
number of quaestiones;** of the variations of order with a given number of 
terms, and so on. In fact so much space is occupied with the computation 
of permutations and combinations that some of his contemporaries failed 
to discover any more important meaning of the essay, and it is most fre- 
quently referred to simply as a contribution to combinatorial analysis.” 
Beyond this the significance of the essay lies in the attempt to devise a 
symbolism which will preserve the relation of analyzable concepts to their 
primitive constituents. The particular device selected for this purpose 


representation of concepts by numbers—is unfortunate, but the attempt 
itself is of interest. Leibniz makes application of this method to geometry 
and suggests it for other sciences.” In the geometrical illustration, the 
concepts are divided into classes. Class 1 consists of concepts or terms 
regarded as elementary and not further analyzable, each of which is given a 
number. Thereafter, the number is the symbol of that concept. Class 2 
consists of concepts analyzable into (definable in terms of) those of Class 1. 
By the use of a fractional notation, both the class to which a concept 
belongs and its place in that class can be indicated at once. The denomi- 
nator indicates the number of the class and the numerator is the number of 
the concept in that class. Thus the concept numbered 7 in Class 2 is 


a 


represented by 7/2. Class 3 consists of concepts definable in terms of 
those in Class 1 and Class 2, and so on. By this method, the complete 
analysis of any concept is supposed to be indicated by its numerical symbol. 


*1 Leibniz tells us that he takes this problem from the Ars Magna of Raymond Lully. 
See G. Phil., v, 62. 

* See letter to Tschirnhaus, 1678, Gerhardt, Math., rv, 451-63. Cf. Cantor, Geschichte 
d. Math., 111, 39 ff. 

*8 See the Synopsis, G. Phil., rv, 30-31. 

*4 See Couturat, op. cit., appended Note v1, p. 554 ff. 

The concepts are arranged as follows (G. Phil., rv, 70-72): 

“Classis I; 1, Punctum, 2. Spatium, 3. intervallum, 4. adsitum seu contiguum, 5. dis- 
situm seu distans, 6. Terminus seu quae distant, 7. Insitum, 8. inclusum (v.g. centrum est 
insitum circulo, inclusum peripheriae), 9. Pars, 10. Totum, 11. idem, 12. diversum, 13. unum, 
14. Numerus, eéc. etc. [There are twenty-seven numbered concepts in this class.] 

“Classis IT; 1. Quantitas est 14 réy 9 (15). [Numbers enclosed in parentheses have 
their usual arithmetical significance, except that (15) signifies ‘an indefinite number’.] 
2. Includens est 6.10. III. 1. Intervallum est 2.3.10. 2. Aequale A r#s5 11.4. 3. Continwum 
est A ad B, si rod A 4 9 est 4 et 7 7 B.; ete. etc.” 
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In point of fact, the analysis (apart from any merely geometrical defects) 
falls far short of being complete. Leibniz uses not only the inflected Greek 
article to indicate various relations of concepts but also modal inflections 
indicated by et, si, quod, quam faciunt, etc. 

In later years Leibniz never mentions this work without apologizing for 
it, yet he always insists that its main intention is sound. This method 
of assuming primitive ideas which are arbitrarily symbolized, of introducing 
other concepts by definition in terms of these primitives and, at the same 
time, substituting a single symbol for the complex of defining symbols— 
this is, in fact, the method of logistic in general. Modern logistic differs 
from this attempt of Leibniz most notably in two respects: (1) modern 
logistic would insist that the relations whereby two or more concepts are 
united in a definition should be analyzed precisely as the substantives are 
analyzed; (2) while Leibniz regards his set of primitive concepts as the 
necessary result of any proper analysis, modern logistic would look upon 
them as arbitrarily chosen. Leibniz’s later work looks toward the elimina- 
tion of this first difference, but the second represents a conviction from 
which he never departed. 

At a much later date come various studies (not in Gerhardt), which 
attempt a more systematic use of number and of mathematical operations 
in logic.” Simple and primitive concepts, Leibniz now proposes, should be 
symbolized by prime numbers, and the combination of two concepts (the 
qualification of one term by another) is to be represented by their product. 
Thus if 3 represent “rational” and 7 “animal’’, “man” will be 21. No 
prime number will enter more than once into a given combination—a 
rational rational animal, or a rational animal animal, is simply a rational 
animal. Thus logical synthesis is represented by arithmetical multipli- 
cation: logical analysis by resolution into prime factors. The analysis of 
“man’’, 21, would be accomplished by finding its prime factors, “rational”’, 
3, and “animal”, 7. In accordance with Leibniz’s conviction that all 
knowledge is analytic and all valid predicates are contained in the subject, 
the proposition “All S is P”’ will be true if the number which represents 
the concept S is divisible by that which represents P. Accordingly the 


2 Dated April, 1679. Couturat (op. cit., p. 326, footnote) gives the titles of these 
as follows: ‘‘Elementa Characteristicae Universalis (Collected manuscripts of Leibniz in 
the Hanover Library, PHIL., v, 8b); Calculi wniversalis Elementa (PHIL., v, 8c); Calculi 
universalis investigationes (PHIL., v, 8 d); Modus examinandi consequentias per nwmeros 
(PHIL., v, 8 e); Regulae ex quibus de bonitate consequentiarum formisque et modis syllogis- 
morum categoricum judicari potest per numeros (PHIL., v, 8f).’’ These fragments, with 
many others, are contained in Couturat’s Opuscules et fragments inédits de Leibniz. 


12 A Survey of Symbolic Logic 


universal affirmative proposition may be symbolized by S/P = y or S = Py 
(where y isa whole number). By the plan of this notation, Py will represent 
some species whose “difference”, within the genus P, is y. Similarly Sz 
will represent a species of S. Hence the particular affirmative, “Some | 
S is P,’ may be symbolized by Sa = Py, or S/P = y/a. Thus the uni- 
versal is a special case of the particular, and the particular will always be 
true when the universal is true. 

There are several objections to this scheme. In the first place, it 
presumes that any part of a class is a species within the class as genus. 
This is far-fetched, but perhaps theoretically defensible on the ground 
that any part which can be specified by the use of language may be treated 
as a logical species. A worse defect lies in the fact that Sx = Py will 
always be true. For a given S and P, we can always find x and y which 
will satisfy the equation Sx = Py. If no other choice avails, let x = P, 
or some multiple of P, and y = S, or some multiple of S. “ Angel-man”’ 
= “man-angel”’ although no men are angels. “Spineless man” = “ra- 
tional invertebrate”’, but it is false that some men are invertebrates. A 
third difficulty arises because of the existential import of the particular— 
a difficulty which later drew Leibniz’s attention. If the particular affirma- 
tive is true, then for some az and y, Sx = Py. The universal negative should, 
then, be Sx + Py. And since the universal affirmative is S = Py, the 
particular negative should be S + Py. But this symbolism would be 
practically unworkable because the inequations would have to be verified 
for all values of x and y. Also, as we have noted, the equality Sx = Py 
will always hold and Sa + Py, where x and y are arbitrary, will never be 
true. 

Such difficulties led Leibniz to complicate his symbolism still further, 
introducing negative numbers and finally using a pair of numbers, one 
positive and one negative, for each concept. But this scheme also breaks 
down, and the attempt to represent concepts by numbers is thereafter 
abandoned. 

Of more importance to symbolic logic are the later fragments included 
in the plans for an encyclopedia which should collect and arrange all known 
science as the proper foundation for future work. Leibniz cherished the 


6G, Phil., vi, xvi-xx. Of these, xv1, without title, states rules for inference in 
terms of inclusion and exclusion; Difficultates quaedam logicae treats of subalternation 
and conversion and of the symbolic expression for various types of propositions; XvmII, 
Specimen Caleuli universalis with its addenda and marginal notes, gives the general prin- 
ciples of procedure for the universal calculus; xrx, with the title Non inelegans specimen 
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notion that this should be developed in terms of the universal characteristic. 
In these fragments, the relations of equivalence, inclusion, and qualification 
of one concept by another, or combination, are defined and used. These 
relations are always considered in intension when it is a question of apply- 
ing the calculus to formal logic. “Equivalence” is the equivalence of 
concepts, not simply of two classes which have the same members; “for A 
to include B or B to be included in A is to affirm the predicate B universally 
of the subject A’’.??. However, Leibniz evidently considers the calculus 
to have many applications, and he thinks out the relations and illustrates 
them frequently in terms of extensional diagrams, in which A, B, etc., are 
represented by segments of a right line. Although he preferred to treat 
logical relations in intension, he frequently states that relations of intension 
are easily transformed into relations of extension. If A is included in B 
in intension, B is included in A in extension; and a calculus may be inter- 
preted indifferently as representing relations of concepts in intension or 
relations of individuals and classes in extension. Also, the inclusion rela- 
tion may be interpreted as the relation of an antecedent proposition to a 
consequent proposition. The hypothesis A includes its consequence B, 
just as the subject A includes the predicate B.28 This accords with his 
frequently expressed conviction that all demonstration is analysis. Thus 
these studies are by no means to be confined to the logic of intension. As 
one title suggests, they are studies demonstrandi in abstractis. 

demonstrandi in abstractis struck out, and xx, without title, are deductive developments 
of theorems of symbolic logic, entirely comparable with later treatises. 

The place of symbolic logic in Leibniz’s plans for the Encyclopedia is sufficiently 
indicated by the various outlines which he has left. In one of these (@. Phil., vu, 49), 
divisions 1-6 are of an introductory nature, after which come: 

“7. De scientiarum instauratione, ubi de Systematibus et Repertoriis, et de Encyclo- 
paedia demonstrativa codenda. 


“8. Elementa veritatis aeternae, et de arte demonstrandi in omnibus disciplinis ut in 
Mathesi. 

“9. De novo quodam Calculo generali, cujus ope tollantur omnes disputationes inter 
eos qui in ipsum consenserit; est Cabala sapientum. 

“10. De Arte Inveniendi. 

“11. De Synthesi seu Arte combinatoria. 

“12. De Analysi. 

“13, De Combinatoria speciali, seu scientia formarum, sive qualitatum in genere (de 
Characterismis) sive de simili et dissimili. 

“14, De Analysi speciali seu scientia quantitatum in genere seu de magno et parvo. 

“15. De Mathesi generali ex duabus praecedentibus composita.”’ 

Then various branches of mathematics, astronomy, physics, biological science, medi- 
cine, psychology, political science, economics, military science, jurisprudence, and natural 
theology, in the order named. 

27G, Phil., vu, 208. 

28 “Generales Inquisitiones” (1686): see Couturat, Opuscules etc., pp. 356-99. 
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It is a frequent remark upon Leibniz’s contributions to logic that he 
failed to accomplish this or that, or erred in some respect, because he 
chose the point of view of intension instead of’ that of extension. ‘The 
facts are these: Leibniz too hastily presumed a complete, or very close, 
analogy between the various logical relations. It is a part of his sig- 
nificance for us that he sought such high generalizations and believed in 
their validity. He preferred the point of view of intension, or connotation, 
partly from habit and partly from rationalistic inclination. As a conse- 
quence, wherever there is a discrepancy between the intensional and ex- 
tensional points of view, he is likely to overlook it, and to follow the former. 
This led him into some difficulties which he might have avoided by an 
opposite inclination and choice of example, but it also led him to make 
some distinctions the importance of which has since been overlooked and 
to avoid certain difficulties into which his commentators have fallen.?® 

In Difficultates quaedam logicae, Leibniz shows that at last he recognizes 
the difficulty in connecting the universal and the corresponding particular. 
He sees also that this difficulty is connected with the disparity between the 
intensional point of view and the existential import of particular proposi- 
tions. In the course of this essay he formulates the symbolism for the four 
propositions in two different ways. The first formulation is: °° 


Univ. aff.; All 4 is B: AB = A, or A non-B does not exist. 
Part. neg.; Some A is not B; AB + A, or A non-B exists. 
Univ. neg.; No A is B; AB does not exist. 

Part. aff.; Some A is B; AB exists. 


AB = A and AB + A may be interpreted as relations of intension or of 
extension indifferently. If all men are mortal, the intension of ‘mortal 
man” is the same as the intension of “man’’, and likewise the class of 
mortal men is identical in extent with the class of men. The statements 
concerning existence are obviously to be understood in extension only. 
The interpretation here put upon the propositions is identically that of 
contemporary symbolic logic. With these expressions, Leibniz infers the 
subaltern and the converse of the subaltern, from a given universal, by 


** For example, it led him to distinguish the merely non-existent from the absurd, or 
impossible, and the necessarily true from the contingent. See G. Phil., viz, 231, foot- 
note; and “Specimen certitudinis seu de conditionibus,’’ Dutens, Leibnitii Opera, Iv, 


Part m1, pp. 92 ff., also Couturat, La Logique de Leibniz, p. 348, footnote, and p. 353, 
footnote. 


SUE, Ibi Wali, PAPA, 
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means of the hypothesis that the subject, A, exists. Later in the essay, he 
gives another set of expressions for the four propositions: * 

All Ais B: AB = A. 

Some 4 is not B: AB + A. 

No A is B: AB does not exist, or AB + AB Ens. 

Some 4 is B: AB exists, or AB = AB Ens. 


In the last two of these, AB before the sign of equality represents the 
possible AB’s or the AB “in the region of ideas’’; “AB Ens” represents 
existing AB’s, or actual members of the class AB. (Read AB Ens, “AB 
which exists”.) AB = AB Ens thus represents the fact that the class AB 
has members; AB + AB Ens, that the class 4B has no members. A 
logical species of the genus A, “some A’’, may be represented by YA; 
YA Ens will represent existing members of that species, or “some exist- 
ing A”. Leibniz correctly reasons that if AB = A (All A is B), YAB 
= YA (Some 4 is B); but if AB + A, it does not follow that YAB + YA, 
fora: Y= 6, YAB— YA> Again, if AB AB Ens (No A is B), YAB 
+ YAB Ens (It is false that some A is B); but if dB = AB Ens (Some 
Ais B), YAB = YAB Ens does not follow, because Y could assume values 
incompatible with A and B. For example, some men are wise, but it does 
not follow that foolish men are foolish wise persons, because “foolish” is 
incompatible with “wise’’.8?. The distinction here between AB, a logical 
division of A or of B, and AB Ens, existing AB’s, is ingenious. This is 
our author’s most successful treatment of the relations of extension and 
intension, and of the particular to the universal. 

In Specimen calculi universalis, the “principles of the calculus” are 
announced as follows: ** 

1) “Whatever is concluded in terms of certain variable letters may be 
concluded in terms of any other letters which satisfy the same conditions; 
for example, since it is true that [all] ab is a, it will also be true that [all] 
bc is b and that [all] bed is be. . . . 

2) “Transposing letters in terms changes nothing; for example ab 
coincides with ba, ‘animal rational’ with ‘rational animal’. 

3) “Repetition of a letter in the same term is useless. . . . 

4) “One proposition can be made from any number by joining all the 
subjects in one subject and all the predicates in one predicate: Thus, a is b 
and c is d and eis f, become ace is bdf. . . . 


31G. Phil., vt, 213-14. 
2G. Phil., vit, 215: the illustration is mine. 
3G, Phil., vit, 224-25. 
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5) “From any proposition whose predicate is composed of more than 
one term, more than one proposition can be made; each derived proposition 
having the subject the same as the given proposition but in place of the 
given predicate some part of the given predicate. If [all] a is bed, then [all] 
ais b and [all] a is c and lall] a is d.” ™ 

If we add to the number of these, two principles which are announced 
under the head of “self-evident propositions”—(1) a is included in a; 
and (2) ab is included in a—we have here the most important of the funda- 
mental principles of symbolic logic. Principle 1 is usually qualified by 
some doctrine of the “universe of discourse” or of “range of significance’, 
but some form of it is indispensable to algorithms in general. The law 
numbered 2 above is what we now call the “principle of permutation”’; 
3, the “principle of tautology”’; 4, the “principle of composition”’; 5, the 
“principle of division’. And the two “self-evident propositions”’ are often 
included in sets of postulates for the algebra of logic. 

There remain for consideration the two fragments which are given in 
translation in our Appendix, XIX and XX of Scientia Generalis: Char- 
acteristica. The first of these, with the title Non inelegans specimen demon- 
strandi in abstractis, stricken out in the manuscript, is rather the more inter- 
esting. Here the relation previously symbolized by AB or ab is represented 
by A+B. And A+B =L signifies that A is contained or included in 
(est in) B. A scholium attached to the definition of this inclusion relation 
distinguishes it from the part-whole relation. Comparison of this and 
other passages shows that Leibniz uses the inclusion relation to cover 
(1) the relation of a member of the class to the class itself; (2) the relation 
of a species, or subclass, to its genus—a relation in extension; (3) the rela- 
tion of a genus to one of its species—a relation of intension. The first of 
these is our erelation; (2) is the inclusion relation of the algebra of logic; 
and (3) is the analogous relation of intension. Throughout both these 
fragments, it is clear that Leibniz thinks out his theorems in terms of 
extensional diagrams, in which classes or concepts are represented by 
segments of a line, and only incidently in terms of the intension of concepts. 

The different interpretations of the symbols must be carefully dis- 
tinguished. If A is “rational” and B is “animal’’, and A and B are taken 
in intension, then A + B will represent “rational animal’. But if 4 and B 
are classes taken in extension, then A+B is the class made up of those 
things which are either A or B (or both). Thus the inclusion relation, 


34 4, and 5. are stated without qualification because this study is confined to the proper- 
ties of universal affirmative propositions. 4. is true also for universal negatives. 
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A+B = L, may be interpreted either in intension or in extension as “A is 
in L”’. This is a little confusing to us, because we should nowadays invert 
the inclusion relation when we pass from intension to extension; instead 
of this, Leibniz changes the meaning of 4+B from “both A and B” (in 
intension) to “either A or B” (in extension). If A is “rational”, B “ani- 
mal’, and L “man’’, then 4 +B = Lis true in intension, “rational animal” 
= “man” or “rational’’ is contained in “man’’. If A, B, and Lare classes 
of points, or segments of a line, then 4 +B = L will mean that L is the 
class of points comprising the points in A and the points in B (any points 
common to A and B counted only once), or the segment made up of 
segments A and B. 

The relation A+B does not require that A and B should be mutually 
exclusive. If L is a line, A and B may be overlapping segments; and, in 
intension, A and B may be overlapping concepts, such as “triangle” and 
“equilateral’’, each of which contains the component “figure”. 

Leibniz also introduces the relation LZ — A, which he calls detractio. 
L — A =N signifies that Z contains A and that if A be taken from L the 
remainder is N. The relations [+] and [—] are not true inverses: if 
A+B = L, it does not follow that L — A = B, because A and B may be 
overlapping (in Leibniz’s terms, communicantia). If L — A = N, A and N 
must be mutually exclusive (¢ncommunicantia). Hence if d+ B = L and 
A and B have a common part, M, Ll —- A = B— M. (If the reader will 
take a line, L, in which A and B are overlapping segments, this will be 
clear.) This makes the relation of detractio somewhat confusing. In 
extension, L — A may be interpreted “LZ which is not A”. In intension, 
it is more difficult. Leibniz offers the example: “man” — “rational”’ 
= “brute’’, and calls our attention to the fact that “man” — “rational” 
is not “non-rational man” or “man’’ + “non-rational’’.*® In intension, the 
relation seems to indicate an abstraction, not a negative qualification. 
But there are difficulties, due to the overlapping of concepts. Say that 


I 


“man” + “woodworking” = “carpenter” and “man” + “white-skinned”’ 


% G, Phil., vir, 231, footnote. Couturat in commenting on this (op. cit., pp. 377-78) 
says: 

“ Ajlleurs Leibniz essaie de préciser cette opposition en disant: 

“4 — A est Nihilum. Sed A non-A est Absurdum.’ ‘Mais il oublie que le néant 
(non-Ens) n’est pas autre chose que ce qu’il appelle l’absurde ou l’impossible, ¢’est-d-dire 
le contradictoire.”’ 

It may be that Couturat, not Leibniz, is confused on this point. Non-existence may 
be contingent, as opposed to the necessary non-existence of the absurd. And the result of 
abstracting A from the concept A seems to leave merely non-Ens, not absurdity. 


3 
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= “Caucasian”. Then “Caucasian” + “carpenter” = “man” + “white- 
skinned ” + “woodworking’’. Hence (“ Caucasian” + “carpenter’’) —“‘car- 
penter” = “white-skinned”’, because the common constituent “man” has 
been abstracted in abstracting “carpenter”. That is, the abstraction of 
“carpenter”? from “Caucasian carpenter” leaves, not “Caucasian’’ but 
only that part of the concept “Caucasian”? which is wholly absent in 
“carpenter”. We cannot here say “white-skinned man’’ because “man” 
is abstracted, nor “white-skinned animal” because “animal” is contained 
in “man”: we can only say “white-skinned”’ as a pure abstraction. Such 
abstraction is difficult to carry out and of very little use as an instrument 
of logical analysis. Leibniz’s illustration is scribbled in the margin of the 
manuscript, and it seems clear that at this point he was not thinking out 
his theorems in terms of intensions. 

Fragment XX differs from XIX in that it Jacks the relation symbolized 
by [—]. This is a gain rather than a loss, both because of the difficulty of 
interpretation and because [+] and [—] are not true inverses. Also XX 
is more carefully developed: more of the simple theorems are proved, and 
more illustrations are given. Otherwise the definitions, relations, and 
methods of proof are the same. In both fragments the fundamental 
operation by which theorems are proved is the substitution of equivalent 
expressions. 

If the successors of Leibniz had retained the breadth of view which 
characterizes his studies and aimed to symbolize relations of a like generality, 
these fragments might well have proved sufficient foundation for a satis- 
factory calculus of logic. 


III. From Lereniz to DE MorGan anno Boor 


After Leibniz, various attempts were made to develop a calculus of 
logic. Segner, Jacques Bernoulli, Ploucquet, Tonnies, Lambert, Holland, 
Castillon, and others, all made studies toward this end. Of these, the 
most important are those of Ploucquet, Lambert and Castillon, while one 
of Holland’s is of particular interest because it intends to be a calculus 
in extension. But this attempt was not quite a success, and the net result 
of the others is to illustrate the fact that a consistent calculus of logical 
relations in intension is either most difficult or quite impossible. 

Of Segner’s work and Ploucquet’s we can give no account, since no 
copies of these writings are available.“* Venn makes it clear that Plouc- 


6 There seem to be no copies of Ploucquet’s books in this country, and attempts to 
secure them from the continent have so far failed. 
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quet’s calculus was a calculus of intension and that it involved the quanti- 
fication of the predicate. 


Lambert*? wrote voluminously on the subject of logic, but his most 
important contribution to symbolic procedure is contained in the Sechs 
Versuche einer Zeichenkunst in der Vernunftlehre.28 These essays are not 
separate studies, made from different beginnings; later essays presuppose 
those which precede and refer to their theorems; and yet the development 
is not entirely continuous. Material given briefly in one will be found 
set forth more at length in another. And discussion of more general prob- 
lems of the theory of knowledge and of scientific method are sometimes 
introduced. But the important results can be presented as a continuous 
development which follows in general the order of the essays. 

Lambert gives the following list of his symbols: 


The symbol of equality (Gleichgiiltigkeit) = 


addition (Zusetzung) + 
abstraction (Absonderung) — 
opposition (des Gegentheils) x 
universality = 
particularity = 

copula ~ 

given concepts (Begriffe) a, b,c, d, ete. 
undetermined concepts n, m, l, ete. 
unknowns are e 

the genus oY 

the difference f) 


The calculus is developed entirely from the point of view of intension: 
the letters represent concepts, not classes, [+] indicates the union of two 
concepts to form a third, [—] represents the withdrawal or abstraction of 
some part of the connotation of a concept, while the product of a and b 
represents the common part of the two concepts. y and 6 qualify any 
term “multiplied” into them. Thus ay represents the genus of a, aé the 
difference of a. Much use is made of the well-known law of formal logic 
that the concept (of a given species) equals the genus plus the difference. 


(1) ay+aé = a(y+6) =a 


37 Johann Heinrich Lambert (1728-77), German physicist, mathematician, and astrono- 
mer. He is remembered chiefly for his development of the equation x«"+px = q in an 
infinite series, and his proof, in 1761, of the irrationality of 7. 

88 In Logische und philosophische Abhandlungen; ed. Joh. Bernoulli (Berlin, 1782), 
vol. 1. 
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ay+aé is the definition or explanation (Erklirung) of a. As immediate 
consequences of (1), we have also 
(2) ay=a-— ad (3) ad=a— ay 

Lambert takes it for granted that [+] and [—] are strictly inverse opera- 
tions. We have already noted the difficulties of Leibniz on this point. 
If two concepts, a and b, have any part of their connotation in common, 
then (a+b) — 6 will not be a but only that part of a which does not belong 
also to b. If “European’’ and “carpenter” have the common part “man”’, 
then (“European”’ + “carpenter”’) minus “carpenter”’ is not “European” 
but “European”’ minus “man’’. And [+] and [—] will not here be true 
inverses. But this difficulty may be supposed to disappear where the 
terms of the sum are the genus and difference of some concept, since genus 
anddifference may be supposed to be mutually exclusive. We shall return 
to this topic later. 

More complex laws of genus and difference may be elicited from the 
fact that the genus of any given a is also a concept and can be “explained,” 
as can also the difference of a. 


(4) a= a(yt+6)? = ay +ayb + aby + ae" 
Proof: ay = ayy+ayé and ad = aby +aéé 
But a = ay+aéd. Hence Q.E.D. 


That is to say: if one wish to define or explain a, one need not stop at 
giving its genus and difference, but may define the genus in terms of its 
genus and difference, and define the difference similarly. Thus a is equiva- 
lent to the genus of the genus of a plus the difference of the genus of a plus 
the genus of the difference of a plus the difference of the difference of a. 
This may be called a “higher” definition or ‘“explanation”’ of a. 
Obviously, this process of higher and higher ‘explanation’? may be 
carried to any length; the result is what Lambert calls his “Newtonian 


ae 


formula”. We shall best understand this if we take one more preliminary 


step. Suppose the explanation carried one degree further and the resulting 
terms arranged as follows: 


a= a(y+ yyb + yd + 8) 
+ yoy t+ O76 
+ dvyy + Oby 


The three possible arrangements of two y's and one 6 might be summarized 
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by 37°6; the three arrangements of two 6’s and one y by 36. With this 


convention, the formula for an explanation carried to any degree, n, is: 
(n — 1) n(n — 1)(n — 2) 
sae af 


n 
= n n—1 n—2 2 
(5) a=a(yr+ ny" 15 + ae ah 262 + i 


n—868 +... ete. 


This “Newtonian formula” is a rather pleasant mathematical conceit. 
Two further interesting laws are given: 


(6) a= adtayitayitayo+... ete. 
Proof: a= ayrtas 
But ay = ay’ +ayé 
and ay? = at ay6 


ay? = ay'+ay'*s, etc. ete. 


(7) a= aytasytae?ytaée'y+... ete. 
Proof: a= ay+as 
But a6 = aby + ae 
and ae? = aé?y + ad? 


ae? = ad*y + aé*, ete. ete. 
Just as the genus of a is represented by ay, the genus of the genus of 
a by ay’, ete., so a species of which a is genus may be represented by ay—, 
and a species of which a is genus of the genus by ay~*, etc. In general, as 


ay” represents a genus above a, so a species below a may be represented by 


a 


ay ” or a 
Y 
Similarly any concept of which a is difference of the difference of the differ- 
ence .. . etc., may be represented by 
“s a 
don” or gn 


Also, just as a = a(y+ 6)”, where a is a concept and a(y+ 6)" its “explana- 


a 


tion’’, so Lae = a, where (y+ is the concept and a the “explanation” 
of it. 

Certain cautions in the transformation of expressions, both with respect 
to “multiplication”? and with respect to “division,’’ need to be observed.*° 


39 Sechs Versuche, p. 5. 
40 Tbid., pp. 9-10. 
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The concept ay? + a6y is very different from the concept (ay + 46) 7, because 
(8) (ay +ad)y = a(y+ d)y = ay(y+ 4) = ay 


while ay? + aéy is the genus of the genus of a plus the genus of the difference 
eee a iho ey 

of a. Also a y must be distinguished from as y is the genus of any 

ay, 


species 2 of which a is the genus, 1. e., 
(9) —y=a 
af 


But ay/y is any species of which the genus of a is the genus, 1. e., any 
species x such that a and x belong to the same genus. 

We turn now to consideration of the relation of concepts which have a 
common part. 

Similarity is identity of properties. Two concepts are similar if, and 
in so far as, they comprehend identical properties. In respect to the 
remaining properties, they are different.”! 

ab represents the common properties of a and b. 

a — ab represents the peculiar properties of a. 

a+b — ab — ab represents the peculiar properties of a together with 
the peculiar properties of b. 

It is evident from this last that Lambert does not wish to recognize in 
his system the law a+a = a; else he need only have written a+b — ab. 

If x and a are of the same genus, then 


xy = ay and ax = ay = xv 


If now we symbolize by a|b that part of a which is different from b,” then 


(10) alb+blat+ab+ab =a+b 
Also x —ala = ay, or x =aytala 
ax = ao 


a@— ax = ao 
a= axr+ad 


ax = a4 — a6 = ay = ry 


2 Norah ioys OY. 
“ Lambert sometimes uses a | b for this, sometimes a : b. 
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And since 


axta\x =a axt+ala =x 
ax =a—alx=ax—czla 
ale =a— ax | Ol eas: 


The fact that y is a property comprehended in x may be expressed by 
y = xy or by y+x\y =a. The manner in which Lambert deduces the 
second of these expressions from the first is interesting.“ If y is a property 
of x, then y|z is null. But by (10), 


Qeytalytyla =U+ry 


Hence in this case, Qrytaly=auty 
And since y = xy, Qy+aly=auty 
Hence ytuly=2 


He has subtracted y from both sides, in the last step, and we observe that 
2y —y =y. This is rather characteristic of his procedure; it follows, 
throughout, arithmetical analogies which are quite invalid for logic. 

With the complications of this calculus, the reader will probably be 
little concerned. There is no general type of procedure for elimination or 
solution. Formulae of solution for different types of equation are given. 
They are highly ingenious, often complicated, and of dubious application. 
It is difficult to judge of possible applications because in the whole course 
of the development, so far as outlined, there is not a single illustration of a 
solution which represents logical reasoning, and very few illustrations of 
any kind. 

The shortcomings of this calculus are fairly obvious. There is too 
much reliance upon the analogy between the logical relations symbolized 
and their arithmetical analogues. Some of the operations are logically 
uninterpretable, as for example the use of numerical coefficients other than 
Qand1. These have a meaning in the “ Newtonian formula”’, but 2y either 
has no meaning or requires a conventional treatment which is not given. 
And in any case, to subtract y from both sides of 2y = a+y and get y = 2 
represents no valid logical operation. Any adequate study of the properties 
of the relations employed is lacking. 2 = a+b is transformed into a = x 
— b, regardless of the fact that a and b may have a common part and that 


43 Sechs Versuche, p. 12. 
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z — b represents the abstraction of the whole of b from x. Suppose, for 
example, man = rational + animal. Then, by Lambert’s procedure, we 
should have also rational = man — animal. Since Leibniz had pointed 
out this difficulty,—that addition and subtraction (with exactly these 
meanings) are not true inverses, it is the more inexcusable that Lambert 
should err in this. 

There is a still deeper difficulty here. As Lambert himself remarks,“ 
no two concepts are so completely dissimilar that they do not have a common 
part. One might say that the concept “thing” (Lambert’s word) or “be- 
ing’’ is common to every pair of concepts. This being the case, [+ ] and [—] 
are never really inverse operations. Hence the difficulty will not really 
disappear even in the case of ay and aé; and a — ay = aé, a — ab = ay 
will not be strictly valid. In fact this consideration vitiates altogether the 
use of “subtraction” in a calculus based on intension. For the meaning 
of a — b becomes wholly doubtful unless [—] be treated as a wholly con- 
ventional inverse of | + ], and in that case it becomes wholly useless. 

The method by which Lambert treats the traditional syllogism is only 
remotely connected with what precedes, and its value does not entirely 
depend upon the general validity of his calculus. He reconstructs the 
whole of Aristotelian logic by the quantification of the predicate.*° 

The proposition “All A is B” has two cases: 

(1) A = B, the case in which it has a universal converse, the concept 
A is identical with the concept B. 

(2) A > B, the case in which the converse is particular, the concept B 
comprehended in the concept A. 

The particular affirmative similarly has two cases: 

(1) A < B, the case in which the converse is a universal, the subject A 
comprehended within the predicate B. 

(2) The case in which the converse is particular. In this case the 
subject A is comprehended within a subsumed species of the predicate and 
the predicate within a subsumed species of the subject. Lambert says 
this may be expressed by the pair: 


mA > B and A<nB 


Those who are more accustomed to logical relations in extension must 
not make the mistake here of supposing that A > mA, and mA < A. 
mA is a species of A, and in intension the genus is contained in the species, 


SE Mattel, \o, WPA. 
D Motel soyex. Es) Wie 
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not vice versa. Hence mA > B does not give A > B, as one might expect 
at first glance. We see that Lambert here translates “Some A” by mA, a 
species comprehended in A, making the same assumption which occurs in 
Leibniz, that any subdivision or portion of a class is capable of being treated 
as some species comprehended under that class as its genus. 

In a universal negative proposition—Lambert says—the subject and 
predicate each have peculiar properties by virtue of whose comprehension 
neither is contained in the other. But if the peculiar properties of the 
subject be taken away, then what remains is contained in the predicate; 
and if the peculiar properties of the predicate be taken away, then what 
remains is contained in the subject. Thus the universal negative is repre- 
sented by the pair 


fs Ran and A> i 
m n 


The particular negative has two cases: 
(1) When it has a universal affirmative converse, i. e., when some A 
is not B but all Bis A. This is expressed by 


JAN oom 


(2) When it has not a universal affirmative converse. In this case a 
subsumed species of the subject is contained in the predicate, and a sub- 
sumed species of the predicate in the subject. 


mA >B and A<nB 
Either of the signs, < and >, may be reversed by transposing the 
terms. And if P <Q, Q > P, then for some J, P = 1Q. Also, “multi- 


plication” and “division” are strict inyerses. Hence we can transform 
these expressions as follows: 


A > B is equivalent to A = mB 


Bie IBS nA =B 
ie 4 PA SER 
mA>B L mA k | i Py Fessiti 
Tea ates LA = nb) 
A B | [ A poe B 
m = m k A 8B 
or —=— 
B Al B83 p 4 
A = ae Wt = 
n n 


It is evident from these transformations and from the propositional equiva- 
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lents of the “inequalities” that the following is the full expression of these 


equations: 


(1) A = mB: All A is B and some B is not A. 
(2) nA = B: Some A is not B and all B is A. 
(3) mA = nB: Some, but not all, A is B, and some, but not all, Bis A. 


(4) aoe. No A is B. 


m 


The first noticeable defect here is that A/m = B/n is transformable into 
nA = mB and (4) can mean nothing different from (3). Lambert has, in 
fact, only four different propositions, if he sticks to the laws of his calculus: 


(1) A= 8B: AllA isall B. 

(2) A = mB: All A is some B. 

(8) nA = B: Some A is all B. 

(4) mA = nB: Some A is some B. 


These are the four forms which become, in Hamilton’s and De Morgan’s 
treatises, the four forms of the affirmative. A little scrutiny will show that 
Lambert’s treatment of negatives is a failure. For it to be consistent at 
all, it is necessary that “fractions” should not be transformed. But 
Lambert constantly makes such transformations, though he carefully re- 
frains from doing so in the case of expressions like A/m = B/n which are 
supposed to represent universal negatives. His method further requires 
that m and n should behave like positive coefficients which are always 
greater than 0 and such that m + n. This is unfortunate. It makes it 
impossible to represent a simple proposition without “entangling alliances”. 
If he had taken a leaf from Leibniz’s book and treated negative propositions 
as affirmatives with negative predicates, he might have anticipated the 
calculus of De Morgan. 

In symbolizing syllogisms, Lambert always uses A for the major term, 
B for the middle term, and C for the minor. The perfectly general form of 
proposition is: 


mA  nB 

i 
Hence the perfectly general syllogism will be: 
Major ee 
P q 


“6 Tbid., pp. 102-103. 
ONG Fh MORE. 
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Minor we = ag 
T p 

Conclusion ie C= oe 
1 pp 


The indeterminates in the minor are always represented thus by Greek 
letters. 


The conclusion is de ved from the premises as follows: 


The major premise gives B = oy, 
n 


The minor gives B = a 
TV 


see ele AY 


Hence — 
np a 


and therefore ile C= ew A. 
TY Pe 


The above being the general form of the syllogism, Lambert’s scheme of 
moods in the first figure is the following: it coincides with the traditional 
classification only so far as indicated by the use of the traditional names: 


B=mA nB = mA 
I. Ve 
C = »B «4 pC = B 
Barbara Lili 
C= mB nuC = mA 
B=A 
B=A 
ii Cea Be. VIII. 
C t Fo, Magogos peice 
aneren ome. gog ey 
™ Pp 
UI. B_A IX. B_A 
q P : q Pp 
D Negligo 
ae as g g pani 
Slve C! A sive 0 7 
. V. 
Celarent ees Ferio ale eee 
q P q P 
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nB=A 
nB= A 
IV. C_8B ne 
idel Bee Pit ae 
Fideleo oo nue 
Tp 
Me : B= mA XI nB a mA 
ool Helmet: eee : (2p 
omano 
eos, pC = mvA nC = mA 
Darul 
YT. nB = mA XIL nB = mA 
Hilari aes Somnio pee 
oO 
pice nC = mA nmuC = mA 


The difficulty about “division”’ does not particularly affect this scheme, 
since it is only required that if one of the premises involve “fractions”’, 
the conclusion must also. It will be noted that the mood Hilario is identi- 
eal in form with Romano, and Lili: with Somnio. The reason for this 
lies in the fact that nB = mA has two partial meanings, one affirmative 
and one negative (see above). Wilario and Lili take the affirmative 
interpretation, as their names indicate; Romano and Somnio, the negative. 

Into the discussion of the other three figures, the reader will probably 
not care to go, since the manner of treatment is substantially the same as 
in the above. 

There are various other attempts to devise a convenient symbolism and 
method for formal logic; ‘48 but these are of the same general type, and 
they meet with about the same degree and kind of success. 

Two brief passages in which there is an anticipation of the logic of 
relatives possess some interest.4? Relations, Lambert says, are “external 
attributes’”’, by which he means that they do not belong to the object 
an sich. “Metaphysical” (i. e., non-logical) relations are represented by 
Greek letters. For example if f = fire, h = heat, and a = cause, 


f=aith 


The symbol :: represents a relation which behaves like multiplication: 


8See in Sechs Versuche, v and vi. Also fragments “Uber die Vernunftlehre”’, in 


Logische und Philosophische Abhandlungen, 1, xtx and xx; and Anlage zur Architektonik, 
p. 190 ff. 
49 Sechs Versuche, pp. 19, 27 ff. 
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a :: his in fact what Peirce and Schréder later called a “relative produ:t’’. 
Lambert transforms the above equation into: 


a “5 5 
“=— Fire is to heat as cause to effect. 
“=- Fire is to cause as heat to effect. 


—~=— Heat is to fire as effect to cause. 
Qa 


The dot here represents Wirkung (it might be, Wirklichkeit, in consonance 
with the metaphysical interpretation, suggestive of Aristotle, which he 
gives to Ursache). It has the properties of 1, as is illustrated elsewhere? 
by the fact that y° may be replaced by this symbol. 

Lambert also uses powers of a relation. 


ligt = tol 20, andi oC, 


Ue OSE Or Oo C 


a a 
i and 5 = Ae 
¢ C 


And more to the same effect. 


And itras= 2: ¢, 


g 


No use is made of this symbolism; indeed it is difficult to see how 
Lambert could have used it. Yet it is interesting that he should have felt 
that the powers of a relation ought to be logically important, and that he 
here hit upon exactly the concept by which the riddles of “mathematical 
induction” were later to be solved. 


Holland’s attempt at a logical calculus is contained in a letter to Lam- 


‘ 


bert. He himself calls it an “unripe thought”’, and in a letter some three 
years later” he expresses a doubt if logic is really a purely formal discipline 
capable of mathematical treatment. But this study is of particular interest 
because it treats the logica] classes in extension—the only attempt at a 
symbolic logic from the point of view of extension from the time of Leibniz 
to the treatise of Solly in 1839. 

Holland objects to Lambert’s method of representing the relation of 


concepts by the relation of lines, one under the other, and argues that the 
8¢ Ibid., p. 21. 


51 Johan. Lamberts deutscher Gelehrten Briefwechsel, Brief 111, pp. 16 ff. 
82 See Ibid., Brief xxvu, pp. 259 ff. 
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relation of “men” to “mortals” is not sub but inter. He is apparently not 
aware that this means exchanging the point of view of intension for that 
of extension, yet all his relations are consistently represented in extension, 
as we shall see. . 

(1) If S represent the subject, P the predicate; and p, 7 signify unde- 
termined variable numbers, S/p = P/z will come to: A part of S is a part 
of P, or certain of the S’s are certain of the P’s, or (at least) an S is a P. 

This expression is the general formula of all possible judgments, as is 
evident by the following: 

(2) A member is either positive or negative, and in both cases, is either 
finite or infinite. We shall see in what fashion p and z can be understood. 

(3) If p = 1 in S/p, then is S/p as many as all S, and in this way S/p 
attains its logical maximum. Since, then, p cannot become less than 1, 
it can still less disappear and consequently cannot become negative. 

The same is true of 7. 

(4) Therefore p and 7 cannot but be positive and cannot be less than 1. 
If p or becomes infinite, the concept becomes negative. 

(5) If f expresses a finite number > 1, then the possible forms of judg- 
ment are as follows: 


(1) All § is all P. 


(2) All S is some P. 


| a Ge 
rel ashi ae Mee 


Now 0 expresses negatively what 1/ expresses positively. To say that 
an infinitely small part of a curved line is straight, means exactly: No part 
of a curved line is straight. 


ye 

(3) o =— All Sis not P. 
1 co 
Sea 

(4) Part Some S is all P. 
eS ae 

(5) 7 = ; Some S is some P. 
Ry des 

(6) — =— Some S is not P. 
f © 
relat ede 

(7) —=— All noft*S is all P. 
ce) 1 


53 See Ibid., Brief 1v. 


The Development of Symbolic Logic ol 


(8) All not-S is some P. 


(9) All not-S is all not-P. 
(1), (2), and (9) Holland says are universal affirmative propositions; 
(3), (7), and (8), universal negatives; (4) and (5), particular affirmatives; 
(6), a particular negative. 

As Venn has said, this notation anticipates, in a way, the method of 
Boole. If instead of the fraction we take the value of the numerator 
indicated by it, the three values are 


where 0 <2» <1, and S/~w =0-S. But the differences between this and 
Boole’s procedure are greater than the resemblances. The fractional form 
is a little unfortunate in that it suggests that the equations may be cleared 
of fractions, and this would give results which are logically uninterpretable. 
But Holland’s notation can be made the basis of a completely successful 
calculus. That he did not make it such, is apparently due to the fact that 
he did not give the matter sufficient attention to elaborate the extensional 
point of view. 
He gives the following examples: 


Example 1. All men H are mortal M 
All Europeans FE are men H 
(ahem M ee i 
p T 
M 
Ergo, Kez ns [All Europeans are mortal] 
T 
: O 
Example 2. All plants are organisms Pe n 
: A 
All plants are no animals P= ms 


A 2 ; 
Ergo, Z = — [Some organisms are not animals] 
co 
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i R 
Example 3. All men are rational wh = zi 
; R 
All plants are not rational P= a 
ie 
Ergo, All plants are no men P= ve 


In this last example, Holland has evidently transformed H = R/p into 
pH = R, which is not legitimate, as we have noted. pH = R would be 
“Some men are all the rational beings’. And the conclusion P = pHi 
is also misinterpreted. It should be, “All plants are not some men”. A 
correct reading would have revealed the invalid operation. 

Lambert replied vigorously to this letter, maintaining the superiority 
of the intensional method, pointing out, correctly, that Holland’s calculus 
would not distinguish the merely non-existent from the impossible or 
contradictory (no calculus in extension can), and objecting to the use of 
© inthis connection. It is characteristic of their correspondence that each 
pointed out the logical defects in the logical procedure of the other, and 
neither profited by the criticism. 


Castillon’s essay toward a calculus of logic is contained in a paper 
presented to the Berlin Academy in 1803.° The letters S, A, etc., represent 
concepts taken in intension, M is an indeterminate, S+ M represents the 
“synthesis” of S and M, S — M, the withdrawal or abstraction of M 
from S. S — M thus represents a genus concept in which S is subsumed, 
M being the logical “difference” of S in S — M. Consonantly S+M, 
symbolizing the addition of some “further specification” to S, represents a 
species concept which contains (in intension) the concept S. 

The predicate of a universal affirmative proposition is contained in the 
subject (in intension). Thus “All 8S is A”’ is represented by 

S as A t M 
The universal negative “No S is A”’ is symbolized by 
S=—A+M=(-—A)+M 
a ; : : ona : 
The concept S is something, M, from which A is withdrawn—is no A. 

Particular propositions are divided into two classes, “real”? and “il- 

” ® . . . 
lusory”. A real particular is the converse of a universal affirmative; the 

‘4 “Mémoire sur un nouvel algorithme logique’’, in Mémoires de V Academie des Sciences 


de Berlin, 1803, Classe de philosophie speculative, pp. 1-14. See also his paper, “ Reflexions 
sur la Logique’’, loc. cit., 1802. 
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illusory particular, one whose converse also is particular. The real particu- 
lar affirmative is 


A=5s — iM 
since this is the converse of S = 4+M. The illusory particular affirmative 
is represented by 


oa 


Castillon’s explanation of this is that the illusory particular judgment gives 
us to understand that some S alone is A, or that S is got from A by ab- 
straction (S = A — M), when in reality it is A which is drawn from S by 
abstraction (S = M+A). Thus this judgment puts — M where it-should 
put + M; one can, then, indicate it by S = A * M. 

The fact is, of course, that “Some S is A” indicates nothing about 
the relations of the concepts S and A except that they are not incompatible. 
This means, in intension, that if one or both be further specified in proper 
fashion, the results will coincide. It might well be symbolized by S+N 
= A+M. We suspect that Castillon’s choice of S = A F M is really 
governed by the consideration that S = 4+M may be supposed to give 
S = A + M, the universal to give its subaltern, and that A = S— M 
will also give S = A * M, that is to say, the real particular—which is 
“All-A is S”’—will also give S = A * M. Thus “Some 8S is A” may be 
derived both from “All S is A” and from “All A is S”’, which is a de- 
sideratum. 

The illusory negative particular is, correspondingly, 


Sa A 


Immediate inference works out fairly well in this symbolism. 

The universal affirmative and the real particular are converses. 

S = 4+M gives A = S — M, and vice versa. The universal negative 
is directly convertible. 

S = —A+M gives A = — S+M, and vice versa. The illusory par- 
ticular is also convertible. 

S=A*FM gives —A=—S*T+M. Hence 4=S TM, which 
comes back to S = A * M. 

A universal gives its subaltern 

S =A+WM gives S = AF M, and 

S= —A+M gives S=—ATFM. 

And a real particular gives also the converse illusory particular, for 

A=S-—M gives S=A+M, 

A 
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which gives its subaltern, S = A F M, 
which gives 4 = SF M. 

All the traditional moods and figures of the syllogism may be symbolized 
in this calculus, those which involve particular propositions being valid 
both for the real particular and for the illusory particular. For example: 


All Mis A M=A+N 
All Sis M S=M+P 
All Sis A , oe S =A tN a P) 
No Mis A M=—A+N 
All Sis M S=M+P 
No Sis A wy SrA + ON EP) 
All M is A M=A+N 
Some S is M S= M+ Por S=M— FP 
Some S is A Se oS = (AN) FOR ore 8 =A 


This is the most successful attempt at a calculus of logic in intension. 

The difficulty about “subtraction” in the XIX Fragment of Leibniz, 
and in Lambert’s calculus, arises because M — P does not mean “M but 
not P” or “M which is not P”’. If it mean this, then [+ ] and [—] are not 
true inverses. If, on the other hand, WM — P indicates the abstraction from 
the concept M of all that is involved in the concept P, then M — P is 
difficult or impossible to interpret, and, in addition, the idea of negation 
cannot be represented by [—]. How does it happen, then, that Castillon’s 
notation works out so well when he uses [—] both for abstraction and as 
the sign of negation? It would seem that his calculus ought to involve 
him in both kinds of difficulties. 

The answer is that Castillon has, apparently by good luck, hit upon a 
method in which nothing is ever added to or subtracted from a determined 
concept, S or A, except an indeterminate, M or N or P, and this indeter- 
minate, just because it is indeterminate, conceals the fact that [+ ] and [—|] 
are not true inverses. And when the sign [—] appears before a determinate, 
A, it may serve as the sign of negation, because no difficulty arises from 
supposing the whole of what is negated to be absent, or abstracted. 

Castillon’s calculus is theoretically as unsound as Lambert’s, or more 
so if unsoundness admits of degree. It is quite possible that it was worked 
out empirically and procedures which give invalid results avoided. 
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Whoever studies Leibniz, Lambert and Castillon cannot fail to be con- 
vinced that a consistent calculus of concepts in intension is either immensely 
difficult or, as Couturat has said, impossible. Its main difficulty is not 
the one which troubled Leibniz and which constitutes the main defect in 
Lambert’s system—the failure of [+] and [—] to behave like true inverses. 
This can be avoided by treating negative propositions as affirmatives with 
negative predicates, as Leibniz did. The more serious difficulty is that a 
calculus of “concepts” is not a calculus of things in actu but only in possibile, 
and in a rather loose sense of the latter at that. Holland pointed this out 
admirably in a letter to Lambert. He gives the example according to 
Lambert’s method, 


All triangles are figures... YT =tF 
All quadrangles are figures. Q = gF 
Whence, F =" = g or lo) 
q 


and he then proceeds: ** 

“In general, if from A = mC and B = nC the conclusion nd = mB 
be drawn, the calculus cannot determine whether the ideas nA and mB 
consist of contradictory partial-ideas, as in the foregoing example, or not. 
The thing must be judged according to the matter.” 

This example also calls attention to the fact that Lambert’s calculus, 
by operations which he continually uses, leads to the fallacy of the undis- 
tributed middle term. If “some A”’ is simply some further specification 
of the concept A, then this mode is not fallacious. And this observation 
brings down the whole treatment of logic as a calewus of concepts in in- 
tension like a house of cards. The relations of existent things cannot be 
determined from the relations of concepts alone. 

The calculus of Leibniz is more successful than any invented by his 
continental successors—unless Ploucquet’s is an exception. That the long 
period between him and De Morgan and Boole did not produce a successful 
system of symbolic logic is probably due to the predilection for this inten- 
sional point of view. It is no accident that the English were so quickly 
successful after the initial interest was aroused; they habitually think of 
logical relations in extension, and when they speak of “intension”’ it is 
usually clear that they do not mean those relations of concepts which the 
“intension”’ of traditional logic signifies. 


85 Deutscher Gelehrier Briefwechsel, 1, Brief Xxvit. 
56 Tbid., pp. 262-63. 
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The beginning of thought upon this subject in England is marked by the 
publication of numerous treatises, all proposing some modification of the 
traditional logic by quantifying the predicate. As Sir William Hamilton 
notes,*? the period from Locke to 1833 is singularly barren of any real con- 
tributions to logic. About that time, Hamilton himself proposed the 
quantification of the predicate. As we now know, this idea was as old at 
least as Leibniz. Ploucquet, Lambert, Holland, and Castillon also had 
quantified the predicate. Both Hamilton and his student Thomson men- 
tion Ploucquet; but this new burst of logical study in England impresses 
one as greatly concerned about its own innovations and sublimely indifferent 
to its predecessors. Hamilton quarrelled at length with De Morgan to 
establish his priority in the matter.*® This is the more surprising, since 
George Bentham, in his Outline of a New System of Logic, published in 1827, 
had quantified the predicate and given the following table of propositions: 


1. X in toto = Y ex parte; 
2. X in toto || Y ex parte; 
3. A in toto = Ym toto; 

4. X in toto || Y in toto; 


. & ex parte = Y ex parte; 


oo Or 


. X ex parte || Y ex parte; 


I 


7. X ex parte = Y in toto; 


(ee) 


. X ex parte || Y in toto. 


(| | is here the sign of “diversity’’). 

But Hamilton was certainly the center and inspirer of a new movement 
in logic, the tendency of which was toward more precise analysis of logical 
significances. Bayne’s Hssay on the New Analytic and Thomson’s Laws of 
Thought are the most considerable permanent record of the results, but 
there was a continual fervid discussion of logical topics in various peri- 
odicals; logistic was in the air. 

This movement produced nothing directly which belongs to the history of 
symbolic logic. Hamilton’s rather cumbersome notation is not made the 
basis of operations, but is essentially only an abbreviation of language. 
Solly’s scheme of representing syllogisms was superior as a calculus. But 

57 See Discussions on Philosophy, pp. 119 ff. 

°8 This controversy, begun in 1846, was continued for many years (see various articles 


in the London Atheneum, from 1860 to 1867). It was concluded in the pages of the Con- 
temporary Review, 1873. 
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this movement accomplished two things for symbolic logic: it emphasized 
in fact—though not always in name—the point of view of extension, and 
it aroused interest in the problem of a newer and more precise logic. These 
may seem small, but whoever studies the history of logic in this period 
will easily convince himself that without these things, symbolic logic might 
never have been revived. Without Hamilton, we might not have had 
Boole. The record of symbolic logic on the continent is a record of failure, 
in England, a record of success. The continental students habitually 
emphasized intension; the English, extension. 


IV. De MorcGcan 


De Morgan® is known to most students of symbolic logic only through 
the theorem which bears his name. But he made other contributions of 
permanent value—the idea of the “universe of discourse”’,®® the discovery 
of certain new types of propositions, and a beginning of the logic of rela- 
tions. Also, his originality in the invention of new logical forms, his ready 
wit, his pat illustrations, and the clarity and liveliness of his writing did 
-yeoman service in breaking down the prejudice against the introduction 
of “mathematical”? methods in logic. His important writings on logic 
are comprised in the Formal Logic, the Syllabus of a Proposed System of 
Logic, and a series of articles in the Transactions of the Cambridge Philo- 
sophical Society. 


59 Augustus De Morgan (1806-78), A.B. (Cambridge, 1827), Professor of Mathematics: 
in the University of London 1828-31, reappointed 1835; writer of numerous mathematical 
treatises which are characterized by exceptional accuracy, originality and clearness. Per- 
haps the most valuable of these is “Foundations of Algebra” (Camb. Phil. Trans., vu, 
yur); the best known, the Budget of Paradoxes. For a list of his papers, see the Royal 
Society Catalogue. For many years an active member of the Cambridge Philosophical 
Society and the Royal Astronomical Society. Father of William F. De Morgan, the novelist 
and poet. For a brief biography, see Monthly Notices of the Royal Astronomical Society, 
2-40 BuIA 

60 The idea is introduced with these words: “Let us take a pair of contrary names, 
as man and not-man. It is plain that between them they represent everything, imaginable 
or real, in the universe. But the contraries of common language embrace, not the whole 
universe, but some one general idea. Thus, of men, Briton and alien are contraries: 
every man must be one of the two, no man can be both. . . . The same may be said of 
integer and fraction among numbers, peer and commoner among subjects of a realm, 
male and female among animals, and so on. In order to express this, let us say that the 
whole idea under consideration is the wniverse (meaning merely the whole of which we are 
considering parts) and let names which have nothing in common, but which between them 
contain the whole of the idea under consideration, be called contraries in, or with respect to, 
that universe.” (Formal Logic, p. 37; see also Camb. Phil. Trans., vit, 380.) 

681 Formal Logic: or, The Calculus of Inference, Necessary and Probable, 1847. Here- 
after to be cited as F. L. 
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Although the work of De Morgan is strictly contemporary with that of 
Boole, his methods and symbolism ally him rather more with his prede- 
cessors than with Boole and those who follow. Like Hamilton, he is bent 
upon improving the traditional Aristotelian logic. His first step in this 
direction is to enlarge the number of typical propositions by considering 
all the combinations and distributions of two terms, X and Y, and their 
negatives. Itisa feature of De Morgan’s notation that the distribution of 
each term,” and the quality—affirmative or negative—of the proposition 
are indicated, these being sufficient to determine completely the type of 
the proposition. 

That a term X is distributed is indicated by writing half a parenthesis 
before or after it, with the horns turned toward the letter, thus: X), or (X. 
An undistributed term is marked by turning the half-parenthesis the other 
way, thus: X(, or )X. X))Y, for example, indicates the proposition in 
which the subject, X, is distributed and the predicate, Y, is undistributed, 
that is, “All XY is Y”. X(/Y indicates a proposition with both terms un- 
distributed, that is, “Some XY is Y’’. The negative of a term, X, is indi- 
cated by x; of Y by y, ete. A negative proposition is indicated by a dot 
placed between the parenthetical curves; thus “Some X is not Y” will 
be X(-(Y. Two dots, or none, indicates an affirmative proposition. 

All the different forms of proposition which De Morgan uses can be 
generated from two types, the universal, “All ..-.is...,” and the 
particular, “Some ... is .. .,”’ by using the four terms, X and its nega- 
tive, x, Y and y. For the universals we have: 

Syllabus of a Proposed System of Logic, 1860. Hereafter to be cited as Syl. 

Five papers (the first not numbered; various titles) in Camb. Phil. Trans., v1, Ix, X. 

The articles contain the most valuable material, but they are ill-arranged and inter- 
spersed with inapposite discussion. Accordingly, the best way to study De Morgan is to 
get these articles and the Formal Logic, note in a general way the contents of each, and 
then use the Syllabus as a point of departure for each item in which one is interested. 

% He does not speak of “distribution” but of terms which are “universally spoken of” 
or “particularly spoken of ’’, or of the “quantity” of a term. 

6 This is the notation of Syll. and of the articles, after the first, in Camb. Phil. Trans. 
For a table comparing the different symbolisms which he used, see Camb. Phil. Trans., 
sm. hike 

* Tt is sometimes hard to determine by the conventional criteria whether De Morgan’s 
propositions should be classed as affirmative or negative. He gives the following ingenious 
rule for distinguishing them (Syll., p. 13): “Let a proposition be affirmative which is true 
of X and X, false of X and not-X or x; negative, which is true of X and 2, false of X and X. 
Thus ‘Every X is Y’ is affirmative: ‘Every X is X’ is true; ‘Every X is 2’ isfalse. But 
‘Some things are neither X’s nor Y’s’ is also affirmative, though in the form of a denial: 


‘Some things are neither X’s nor X’s’ is true, though superfluous in expression; ‘Some 
things are neither X’s nor 2’s’ is false.”’ 
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Gb) FON See Se 

(2) «))y All not-X is not-Y. 
(3) X))y All X is not-Y. 

(4) x))¥ All not-X-is Y. 


and for particulars we have: 


(5) XQY Some X is Y. 

(6) Oy Some not-X is not-Y. 

Gy xX Oy? Some X is not-Y. 

(8) OY Some not-X is Y. 
The rule for transforming a proposition into other equivalent forms may 
be stated as follows: Change the distribution of either term—that is, turn 
its parenthetic curve the other way,—change that term into its negative, 
and change the quality of the proposition. That this rule is valid will 
appear if we remember that “two negatives make an affirmative’’, and note 
that we introduce one negative by changing the term, another by changing 
the quality of the proposition. That the distribution of the altered term 
should be changed follows frem the fact that whatever proposition distrib- 
utes a term leaves the negative of that term undistributed, and whatever 
proposition leaves a term undistributed distributes the negative of that 
term. Using this rule of transformation, we get the following table of 
equivalents for our eight propositions: 


(a) (0) (c) (d) 
ee Geer (2) 
(ee) eet) ued Yo X.Y 
(3) A) yo at) (Y= oY = al -)y 
(COSINE NALINI AA Ce CDM 
(5) XOY =X =2)y =2)-)Y 
(G20) = aC Y= X)(Y =X)-)y 
(OE Xye ACY = 2) (VY = 2):)y 
8) 2QY =20-Y =<X)y = X)-)¥ 
It will be observed that in each line there is one proposition with both 
terms positive, Y and Y. Selecting these, we have the eight different types 


of propositions: 
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(la )ek)) Vee Alle Xaigs Ye 

(2c) X((Y Some X is all Y; or, All Y is X. 

(3b) X)-(Y No X is Y. 

(4d) X(-)Y Everything is either X or Y. (See below.) 


(5a) XQY Some X is Y. 

(6c) X)(Y Some things are neither Y nor Y. (See below.) 
(7b) X(-(Y Some X is not Y. 

(Sd) X)-)Y All X is not some Y; or, Some Y is not X. 


Since the quantity of each term is indicated, any one of these propositions 
may be read or written backwards—that is, with Y subject and X predicate 
—provided the distribution of terms is preserved. (4d) and (6c) are diffi- 
cult to understand. We might attempt to read X(-)Y “Some X is not 
some Y”’, but we hardly get from that the difference between X(-)Y and 
X(-(Y, “Some X is not (any) Y”. Also, X(-)Y is equivalent to uni- 
versals, and the reading, “Some X is not some Y’’, would make it par- 
ticular. X(-)Y is equivalent to x))Y, “All not-X is Y”, and to 2)-(y, 
“No not-X is not-Y’’. The only equivalent of these with the terms 
X and ¥ is, “Everything (in the universe of discourse) is either X or Y 
(or both)”. (6c), X)(Y, we should be likely to read “All X is all Y”’, or 
“NX and Y are equivalent”; but this would be an error,® since its equivalents 
are particular propositions. (6a), zQy, is “Some not-X is not-Y”’. 
The equivalent of this in terms of XY and Y is plainly, “Some things are 
neither X nor Y”’. 

Contradictories® of propositions in line (1) will be found in line (7); 
of those in line (2), in line (8); of line (8), in line (5); of line (4), in line (6). 
We give those with both terms positive: 


(la) X))Y ‘contradicts (7b) X(-(Y 


(2c) X((Y e (8d) X)-)¥ 
(3b) X)-(¥ e (5a) XOY 
(4d) X(-)¥ ae (6c) X)(Y 


*® An error into which it might seem that De Morgan himself has fallen. See e. g., 
Syll., p. 25, and Camb. Phil. Trans., rx, 98, where he translates X)(Y by “All X is all Y ue 
or “Any one X is any one Y”’, But this belongs to another interpretation, the ‘“cumular”, 
which requires X and Y to be singular, and not-X and not-Y will then have common 
members. However, as we shall note later, there is a real difficulty. 

* De Morgan calls contradictory propositions “contraries” (See F. L., p. 60; Syll., 
p. 11), just as he calls terms which are negatives of one another “contraries”’. 
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Thus the rule is that two propositions having the same terms contradict 
one another when one is affirmative, the other negative, and the distribution 
of terms is exactly opposite in the two cases. 

The rule for transforming propositions which has been stated and 
exemplified, together with the observation that any symbolized proposition 
may be read or written backwards, provided the distribution of the terms 
be preserved, gives us the principles for the immediate inference of uni- 
versals from universals, particulars from particulars. For the rest, we have 
the rule, “Each universal affirms the particulars of the same quality”’.®’ 

For syllogistic reasoning, the test of validity and rule of inference are 
as follows: ® 

“There is inference: 1. When both the premises are universal; 2. When, 
one premise only being particular, the middle term has different quantities 
in the two premises. . 

“The conclusion is found by erasing the middle term and its quantities 
[parenthetic curves].”’ This rule of inference is stated for the special 
arrangement of the syllogism in which the minor premise is put first, and 
the minor term first in the premise, the major term being the last in the 
second premise. Since any proposition may be written backward, this 
arrangement can always be made. According to the rule, X))Y, “All X 
foe ean) (Au Nont i874 give X i. (Zay Nov ais, Ze Xa) No 
X is Y”, and Y(-(Z, “Some Y is not Z”’, give X)--(Z, or X)(Z, which is 
“Some things are neither X nor Z.’’ The reader may, by inventing other 
examples, satisfy himself that the rule given is sufficient for all syllogistic 
reasoning, with any of De Morgan’s eight forms of propositions. 

De Morgan also invents certain compound propositions which give com- 
pound syllogisms in a fashion somewhat analogous to the preceding: °° 


“1, X)O)Y or both X))Y and X)-)Y All X’s and some things be- 
sides are Y’s. 


Y or both X))Y and X((Y All X’s are Y’s, and all Ys 


are X’s. 


3. X(O(Y or both X((¥ and X(-(Y Among X’s are all the Y’s and 
some things besides. 


4, X)O(Y or both X)-(¥ and X)(Y Nothing both X and Y and 


some things neither. 


2X 


87 Syll., p. 16. 
68 Syll., p. 19. 
69 Syll., p. 22. 
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-|Y or both X)-(Y and X(-)¥ Nothing both X and Y and 

everything one or the other. 
6. X(O)Y or both X(-)Y¥ and X()Y_ Everything either X or Y and 
some things both.” 


ay oe 


Each of these propositions may, with due regard for the meaning of the 
sign O, be read or written backward, just as the simple propositions. The 
rule of transformation into other equivalent forms is slightly different: 
Change the quantity, or distribution, of any term and replace that term 
by its negative. We are not required, as with the simple propositions, to 
change at the same time the quality of the proposition. ‘This difference 
is due to the manner in which the propositions are compounded. 

, inference for these compound 


bd 


The rules for mediate, or “syllogistic’ 
propositions are as follows: 7° 

“Tf any two be joined, each of which is [of the form of] 1, 3, 4, or 6, 
with the middle term of different quantities, these premises yield a con- 
clusion of the same kind, obtained by erasing the symbols of the middle 
term and one of the symbols [O]. Thus Y)O(Y(O)Z gives X)O)Z: or 
if nothing be both Y and Y and some things neither, and if everything be 
either Y or Z and some things both, it follows that all X and two lots of 
other things are Z’s. 

“In any one of these syllogisms, it follows that || may be written for 
)O) or )O( in one place, without any alteration of the conclusion, except 
reducing the two lots to one. But if this be done in both places, the con- 
clusion is reduced to || or |-|, and both lots disappear. Let the reader — 
examine for himself the cases in which one of the premises is cut down to a 
simple universal. 

“The following exercises will exemplify what precedes. Letters written 
under one another are names of the same object. Here is a universe of 12 
instances of which 3 are X’s and the remainder P’s; 5 are Y’s and the 
remainder Q’s; 7 are Z’s and the remainder R’s. 

PGP. CRT oN cd hd ead cod Ea Se 
VoYOY WY ee O00 Wr 
LLL LG hte Re 


We can thus verify the eight complex syllogisms 


X)O)¥Y)0)4 P(O)Y)O)Z PCOQ(0)4 = P(O(Q(O(R 


POYOk XMoyoR XHomorR Mowe 
WOnS alles Dapaee 
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In every case it will be seen that the two lots in the middle form the quantity 
of the particular proposition of the conclusion.” 

In so much of his work as we have thus far reviewed, De Morgan is still 
too much tied to his starting point in Aristotelian logic. He somewhat 
simplifies traditional methods and makes new generalizations which include 
old rules, but it is still distinctly the old logic. He does not question the 
inference from universals to particulars nor observe the problems there 
involved.” He does not seek a method by which any number of terms 
may be dealt with but accepts the limitation to the traditional two. And 
his symbolism has several defects. The dot introduced between the 
parenthetic curves is not the sign of negation, so as to make it possible to 
read (-) as, “It is false that ()”. The negative of () is )-(, so that this 
simplest of all relations of propositions is represented by a complex trans- 
formation applicable only when no more than two terms are involved in the 
propositional relation. Also, there are two distinct senses in which a 
term in a proposition may be distributed or “mentioned universally’’, and 
De Morgan, following the scholastic tradition, fails to distinguish them and 
symbolizes both the same way. This is the secret of the difficulty in reading 
X)(Y, which looks like “All X is all Y”’, and really is “Some things are 


793 79 


neither X nor } Mathematical symbols are introduced but without any 


corresponding mathematical operations. The sign of equality is used both 
for the symmetrical relation of equivalent propositions and for the un- 
symmetrical relation of premises to their conclusion.” 

His investigation of the logic of relations, however, is more successful, 
and he laid the foundation for later researches in that field. This topic 
is suggested to him by consideration of the formal and material elements 
in logic. He says: ™ 


7 But he does make the assumption upon which all inference (in extension) of a 
particular from a universal is necessarily based: the assumption that a class denoted by a 
simple term has members. He says (Ff. L., pp. 110), “Existence as objects, or existence as 
ideas, is tacitly claimed for the terms of every syllogism’”’. 

72 A universal affirmative distributes its subject in the sense that it indicates the class 
to which every member of the subject belongs, i. e., the class denoted by the predicate. 
Similarly, the universal negative, No X is Y, indicates that every X is not-Y, every Y is 
not-X. No particular proposition distributes a term in that sense. The particular nega- 
tive tells us only that the predicate is excluded from some unspecified portion of the class 
denoted by the subject. X)(Y distributes X and Y in this sense only. Comparison with 
its equivalents shows us that it can tell us, of X, only that it is excluded from some un- 
specified portion of not-Y; and of Y, only that it is excluded from some unspecified portion 
of not-X. We cannot infer that X is wholly included in Y, or Y in X, or get any other 
relation of inclusion out of it. 

73 In one passage (Camb. Phil. Trans., x, 183) he suggests that the relation of two 
premises to their conclusion should be symbolized by A B < C. 

7 Camb. Phil. Trans., x, 177, footnote. 
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“Ts there any consequence without form? Is not consequence an action 
of the machinery? Is not logic the science of the action of the machinery? 
Consequence is always an act of the mind: on every consequence logic ought 
to ask, What kind of act? What is the act, as distinguished from the acted 
on, and from any inessential concomitants of the action? For these are of 
the form, as distinguished from the matter. 

“|. The copula performs certain functions; it is competent to those 
functions . . . because it has certain properties, which are sufficient to 
validate its use. . . . The word ‘is,’ which identifies, does not do its work 
because it identifies, except insofar as identification is a transitive and 
convertible motion: ‘A is that which is B’ means ‘A is B’; and ‘A is B’ 
means ‘B is A’. Hence every transitive and convertible relation is as fit 
to validate the syllogism as the copula ‘zs’, and by the same proof in each 
case. Some forms are valid when the relation is only transitive and not 
convertible; as in ‘give’. Thus if X—Y represent X and Y connected 
by a transitive copula, Camestres in the second figure is valid, as in 


Every Z—Y, No X—Y, therefore No X—Z. 


. . . In the following chain of propositions, there is exclusion of matter, 
form being preserved at every step: 


Hypothesis 
(Positively true) Every man is animal 
- Every man is Y Y has existence. 
i Every X is Y X has existence. 
e Every X—Y is a transitive relation. 
ma a of X—Y ; ais a fraction < or = 1. 
(Probability 8) aof X—Y 6 is a fraction < or = 1. 


The last is nearly the purely formal judgment, with not a single material 
point about it, except the transitiveness of the copula.” 

“. . . LT hold the supreme form of the syllogism of one middle term to 
be as follows: There is the probability a that X is in the relation L to Y; 
there is the probability 6 that Y is in the relation M to Z; whence there is 
the probability a8 that X is in the relation L of M to Z.7 

“. . . The copula of cause and effect, of motive and action, of all which 
post hoc is of the form and propter hoc (perhaps) of the matter, will one day 
be carefully considered in a more complete system of logic.” 77 


_% Ibid., pp. 177-78. 
6 Ibid., p. 339. 
77 [bid., pp. 179-80. 
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De Morgan is thus led to a study of the categories of exact thinking in 
general, and to consideration of the types and properties of relations. 
His division of categories into logico-mathematical, logico-physical, logico- 
metaphysical, and logico-contraphysical,’’ is inauspicious, and nothing 
much comes of it. But in connection with this, and an attempt to rebuild 
logic in the light of it, he propounds the well-known theorem: “The con- 
trary [negative] of an aggregate [logical sum] is the compound [logical 
product] of the contraries of the aggregants: the contrary of a compound 
is the aggregate of the contraries of the components.” 7° 

For the logic of relations, XY, Y, and Z will represent the class names; 
L, M, N, relations. X .. LY will signify that XY is some one of the objects 
of thought which stand to Y in the relation L, or is one of the L’s of Y.8° 
X . LY will signify that X is not any one of the L’s of Y. X..(LM)Y or 
A ..LM Y will express the fact that X is one of the L’s of one of the M’s 
of Y, or that X has the relation L to some Z which has the relation M to Y. 
A .LM Y will mean that X is not an L of any M of Y. 

It should be noted that the union of the two relations Z and M is what 
we should call today their “relative product”’; thatis, Y¥..LYand Y..MZ 
together give X..2M Z,butX..LYandX..MY donot giveX..LM Y. 
If L is the relation “brother of” and M is the relation “aunt of”, X¥.. LM Y 
will mean “X is a brother of an aunt of Y”. (Do not say hastily, “X is 


”? since 


uncle of Y”. “Brother of an aunt” is not equivalent to “uncle 
some uncles have no sisters.) L, or M, written by itself, will represent 
that which has the relation L, or M, that is, a brother, or an aunt, and LY 
stands for any X which has the relation L to Y, that is, a brother of Y.* 

In order to reduce ordinary syllogisms to the form in which the copula 
has that abstractness which he seeks, that is, to the form in which the 
copula may be any relation, or any relation of a certain type, it is necessary 
to introduce symbols of quantity. Accordingly LM* is to signify an L of 
every M, that is, something which has the relation L to every member of 
the class M (say, a lover of every man). LM is to indicate an L of none 
but M’s (a lover of none but men). The mark of quantity, * or x, always 


78 See zbid., p. 190. 

79 Tbid., p. 208. See also Syll.,p.41. Pp. 39-60 of Syl. present in summary the ideas 
of the paper, ‘‘On the Syllogism, No. 3, and on Logic in General.” 

80 Camb. Phil. Trans., x, 341. We follow the order of the paper from this point on. 

81 tried at first to make De Morgan’s symbolism more readily intelligible by intro- 
ducing the current equivalents of his characters. But his systematic ambiguities, such 
as the use of the same letter for the relation and for that which has the relation, made 
this impossible. For typographical reasons, I use the asterisk where he has a small accent. 
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goes with the letter which precedes it, but Lx M is read as if [x] modified 
the letter which follows. To obviate this difficulty, De Morgan suggests 
that LxM be read, “An every-L of M; an L of M in every way in which 
it is an L,” but we shall stick to the simpler reading, “An L of none but 
M’s”. 

LM*X means an L of every M of X: Lx MX, an L of none but M’s of X: 
LxM*, an L of every M and of none but M’s: LMX*, an L of an M of 
every X, and so on. 

_ Two more symbols are needed. The converse of L is symbolized by L™. 
If Lis “lover of”, L— is “beloved of”; if Lis “aunt”, [7 is “niece or 
nephew”. The contrary (or as we should say, the negative) of L is symbol- 
ized by J; the contrary of M by m. 

In terms of these relations, the following theorems can be stated: 


(1) Contraries of converses are themselves contraries. 

(2) Converses of contraries are contraries. 

(3) The contrary of the converse is the converse of the contrary. 

(4) If the relation L be contained in, or imply, the relation M, then (a) the 
converse of L, LZ, is contained in the converse of M, M~; and (b) the 


contrary of M, m, is contained in the contrary of J, l. 
For example, if “parent of’ is contained in “ancestor of’’, (a) “child of” 


is contained in “descendent of’’, and (6) “not ancestor of”’ is contained in 
“not parent of’. 


(5) The conversion of a compound relation is accomplished by converting 
both components and inverting their order; thus, (LM) = ML. 


If X be teacher of the child of Y, Y is parent of the pupil of YX. 

When a sign of quantity is involved in the conversion of a compound 
relation, the sign of quantity changes its place on the letter; thus, (LM*)— 
= MES 

If X be teacher of every child of Y, Y is parent of none but pupils of X. 


(6) When, in a compound relation, there is a sign of quantity, if each 
component be changed into its contrary, and the sign of quantity be shifted 
from one component to the other and its position on the letter changed, 


the resulting relation is equivalent to the original; thus LM* = lem and 
IxM = Ilm*. 


A lover of every man is a non-lover of none but non-men; and a lover 
of none but men is a non-lover of every non-man. 
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(7) When a compound relation involves no sign of quantity, its contrary 
is found by taking the contrary of either component and giving quantity 
to the other. The contrary of LM is 1M* or Lem. 

“ Not (lover of a man)” is “non-lover of every man” or “lover of none 
but non-men”’; and there are two equivalents, by (6). 

But if there be a sign of quantity in one component, the contrary is 
taken by dropping that sign and taking the contrary of the other component. 
The contrary of LM* is 1M; of L+M is Lm. 

“Not (lover of every man)” is “non-lover of a man”; and “not (lover 
of none but men)”’ is “lover of a non-man”’. 

So far as they do not involve quantifications, these theorems are familiar 
to us today, though it seems not generally known that they are due to 
De Morgan. ‘The following table contains all of them: 


Converse of Contrary 


Combination Converse Contrary Contrary of Converse 
LM Mal [M* or LxM Mx or m—I—* 

EM* or lem Ms or ml* IM NG Ea 

HpeMior im? — MAL or mel! Im end Wee 


The sense in which one relation is said to be “contained in” or to 
“imply”’ another should be noted: JL is contained in M in case every X 
which has the relation L to any Y has also the relation M to that Y. This 
must not be confused with the relation of class inclusion between two rela- 
tive terms. Every grandfather is also a father, the class of grandfathers is 
contained in the class of fathers, but “grandfather of” is not contained in 
“father of’, because the grandfather of Y is not also the father of Y. The 
relation “grandfather of” 7s contained in “ancestor of’’, since the grand- 
father of Y is also the ancestor of Y. But De Morgan appropriately uses 
the same symbol for the relation “Z contained in M” that he uses for “ All 
Lis M’’, where L and M are class terms, that is, L))M. 

In terms of this relation of relations, the following theorems can be 


stated: 


(8) If L))M, then the contrary of M is contained in the contrary of L,— 
that is, L))M gives m))l. 


Applying this theorem to compound relations, we have: 


(8’) LM))N gives n))IM* and n))L«em. 
(8) If LM))N, then I-n))m and nM~))l. 


Proof: If LM))N, then n))IM*. Whence nM-))iM*M—. But an / of 
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every M of an M— of Z must be an / of Z. Hence nM~))I. Again; if 
LM))N, then n))Lxm. Whence L~n))L“Lxm. But whatever has the 
relation converse-of-L to an L of none but m’s must be itself an m. Hence 
I-'n))m. 

De Morgan calls this “theorem K”’ from its use in Baroko and Bokardo. 


(9) If LM = N, then L))NM— and M))I-7N. 


Proof: If LM = N, then LMM = NM“ and L“LM = I-“N. Now 
for any X¥, MM—Y and I“LYX are classes which contain X; hence the 
theorem. 

We do not have L = NM- and M = LN, because it is not generally 
true that MM“X = X and L“LX = X. For example, the child of the 
parent of XY may not be X but X’s brother: but the class “children of the 
parent of X”’ will contain X. The relation MM or MM will not always 
cancel out. MM-and MM are always symmetrical relations; if XM M—1Y 
then YMM-1X. If X is child of a parent of Y, then Y is child of a parent 
of X. But MM and M-M are not exclusively reflexive. XMM-X does 
not always hold. If we know that a child of the parent of X is a celebrated 
linguist we may not hastily assume that X is the linguist in question. 

With reference to transitive relations, we may quote: * 


“A relation is transitive when a relative of a relative is a relative of 
the same kind; as symbolized in LL))LZ, whence LLL))LL))L; and so on. 

“A transitive relation has a transitive converse, but not necessarily a 
transitive contrary: for Z~L- is the converse of LL, so that LL))L gives 
I“L~))L—. From these, by contraposition, and also by theorem AK and 
its contrapositions, we obtain the following results: 


Lis contained in LL—*, lk, -1*, [x 


Lateline Le I>, U*, bk, I L* 
LE ae IL*, Lal 
eagles Ix, Al 

LPs sennee ie 

Lal ee I-71 

ei his I 

LIP, L...... [A 


; 
‘I omit demonstration, but to prevent any doubt about correctness of 
printing, I subjoin instances in words: L signifies ancestor and L— descendent. 


® Camb. Phil. Trans., x, 346. For this discussion of transitive relations, De Morgan 
treats all reciprocal relations, such as XLL~Y, as also reflexive, though not necessarily 
exclusively reflexive. 
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“An ancestor is always an ancestor of all descendents, a non-ancestor 
of none but non-descendents, a non-descendent of all non-ancestors, and a 
descendent of none but ancestors. A descendent is always an ancestor of 
none but descendents, a non-ancestor of all non-descendents, a non-descend- 
ent of none but non-ancestors, and a descendent of all ancestors. A non- 
ancestor is always a non-ancestor of all ancestors, and an ancestor of none 
but non-ancestors. A non-descendent is a descendent of none but non- 
descendents, and a non-descendent of all descendents. Among non- 
ancestors are contained all descendents of non-ancestors, and all non- 
ancestors of descendents. Among non-descendents are contained all 
ancestors of non-descendents, and all non-descendents of ancestors.” 


In terms of the general relation, L, or M, representing any relation, the 
syllogisms of traditional logic may be tabulated as follows: * 


2: 1 2 3 + 
Bees 6 DC AEN YE Peres DDG ols 
I Ve YL Ye MZ, Y.MzZ VME, 
Af EMS Ay, XO. Laine X..ImZ 
oy, OE ONS Ae eel) A LY 
10S Aare Oe TE RINNE Ze y VA INND 


X..IM]"Z X..LM-z X..Lm7Z X..lm3Z 


eae EG ywebx end dee Le AIT De 
Hie yz Vea Yeas YA 

RES Ae vA Aus Xe elaMZ K-al=tnZ 

Ve LAX Vee lek. a Nee Vane La 
IV, 2: MY A NE j Zee VEY: Lae Ye 


STE iat ae A DOT eS bid at A A CM AZ. Annis Me fe 


The Roman numerals here indicate the traditional figures. All the con- 
clusions are given in the affirmative form; but for each affirmative con- 
clusion, there are two negative conclusions, got by negating the relation and 
replacing it by one or the other of its contraries. Thus XY .. LMZ gives 
X .IM*Z and X.IemZ; X.-1MZ gives X.LM“*Z and X . lem=Z, 
and so on for each of the others. 


8 Tbid., p. 350. 
5 
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When the copula of all three propositions is limited to the same transitive 
relation, L, or its converse, the table of syllogisms will be: * 


rs Be pd BNE Gr hes I Gayot BAG 
I Ven, gh bf4 Ve a VM ichlbs VA SS 
ere OL, Died bid Ae Lee 


Re adhd? Deo 1bNG Nea ANE 
MOR PA MENG Zila Lise Ye Lig Ley ——— 
APeLZ, I WS DE Me SA 


VS SIG VESTED Meme OSG 
TUDE eZ, Venn IA Vere bx VA Sa 
AON LZ, IE Meh, I ret Sx ys 


Viel EE VA LEX aie 
UN eee A IN? Ds ay PY 
MELAS, Ay oe Awe 


Here, again, in the logic of relations, De Morgan would very likely have 
done better if he had left the traditional syllogism to shift for itself. The 
introduction of quantifications and the systematic ambiguity of L, MV, 
etc., which are used to indicate both the relation and that which has the 
relation, hurry him into complications before the simple analysis of rela- 
tions, and types of relations, is ready for them. This logic of relations was 
destined to find its importance in the logistic of mathematics, not in any 
applications to, or modifications of, Aristotelian logic. And these compli- 
cations of De Morgan’s, due largely to his following the clues of formal logic, 
had to be discarded later, after Peirce discovered the connection between 
Boole’s algebra and relation theory. The logic of relative terms has been 
reintroduced by the work of Frege and Peano, and more especially of 
Whitehead and Russell, in the Jogistic development of mathematics. But 
it is there separated—and has to be separated 


from the simpler analysis 
of the relations themselves. Nevertheless, it should always be remembered 
that it was De Morgan who laid the foundation; and if some part of his 
work had to be discarded, still his contribution was indispensable and of 
permanent value. In concluding his paper on relations, he justly remarks: °° 


4 Ibid., p. 354. 
% Ibid., p. 358. 
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“And here the general idea of relation emerges, and for the first time 
in the history of knowledge, the notions of relation and relation of relation 
are symbolized. And here again is seen the scale of graduation of forms, 
the manner in which what is difference of form at one step of the ascent is 
difference of matter at the next. But the relation of algebra to the higher 
developments of logic is a subject of far too great extent to be treated here. 
It will hereafter be acknowledged that, though the geometer did not think 
it necessary to throw his ever-recurring principium et eacmplum into imita- 
tion of Omnis homo est animal, Sortes est homo, etc., yet the algebraist was 
living in the higher atmosphere of syllogism, the unceasing composition of 
relation, before it was admitted that such an atmosphere existed.” ” 


V. Boorse 


The beginning from which symbolic logic has had a continuous develop- 
ment is that made by George Boole.*” His significant and vital contribution 
was the introduction, in a fashion more general and systematic than before, 
of mathematical operations. Indeed Boole allows operations which have 
no direct logical interpretation, and is obviously more at home in mathe- 
matics than in logic. It is probably the great advantage of Boole’s work 
that he either neglected or was ignorant of those refinements of logical 
theory which hampered his predecessors. The precise mathematical 
development of logic needed to make its own conventions and interpreta- 
tions; and this could not be done without sweeping aside the accumulated 
traditions of the non-symbolic Aristotelian logic. As we shall see, all the 
nice problems of intension and extension, of the existential import of uni- 
versals and particulars, of empty classes, and so on, return later and demand 
consideration. It is well that, with Boole, they are given a vacation long 
enough to get the subject started in terms of a simple and general procedure. 

Boole’s first book, The Mathematical Analysis of Logic, being an Mssay 
toward a Calculus of Deductive Reasoning, was published in 1847, on the 


8 T omit, with some misgivings, any account of De Morgan’s contributions to prob- 
ability theory as applied to questions of authority and judgment. (See Syll., pp. 67-72; 
F. L., Chap. rx, x; and Camb. Phil. Trans., vitt, 384-87, and 393-405.) His work on this 
topic is less closely connected with symbolic logic than was Boole’s. he allied subject of 
the “numerically definite syllogism” (see Syll., pp. 27-30; I. L., Chap. vir; and Camb, 
Phil. Trans., x, *855-*358) is also omitted. 

87 George Boole (1815-1864) appointed Professor of Mathematics in Queen’s College, 
Cork, 1849; LL.D. (Dublin, 1852), F.R.S. (1857), D.C.L. (Oxford, 1859). For a biographi- 
cal sketch, by Harley, see Brit. Quart. Rev., xi1v (1866), 141-81. See also Proc. Roy- 
Soc., xv (1867), vi-xi. 
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same day as De Morgan’s Formal Logic.*8 The next year, his article, “The 
Calculus of Logic,” appeared in the Cambridge Mathematical Journal. ‘This 
article summarizes very briefly and clearly the important innovations pro- 
posed by Boole. But the authoritative statement of his system is found 
in An Investigation of the Laws of Thought, on which are founded the Mathe- 
matical Theories of Logic and Probability, published in 1854.*° 

Boole’s algebra, unlike the systems of his predecessors, is based squarely 
upon the relations of extension. The three fundamental ideas upon which 
his method depends are: (1) the conception of “elective symbols”’; (2) the 
laws of thought expressed as rules for operations upon these symbols; (3) 
the observation that these rules of operation are the same which would 
hold for an algebra of the numbers 0 and 1.%° 

. For reasons which will appear shortly, the “universe of conceivable 
objects”’ is represented by 1. All other classes or aggregates are supposed 
to be formed from this by selection or limitation. This operation of electing, 
in 1, all the X’s, is represented by 1-a or x; the operation of electing all 
the Y’s is similarly represented by 1-y or y, and so on. Since Boole does 
not distinguish between this operation of election represented by x, and 
the result of performing that operation—an ambiguity common in mathe- 
matics—x becomes, in practice, the symbol for the class of all the X’s. 
Thus 2, y, 2, etc., representing ambiguously operations of election or classes, 
are the variables of the algebra. Boole speaks of them as “elective symbols” 
to distinguish them from coefficients. 

This operation of election suggests arithmetical multiplication: the 
suggestion becomes stronger when we note that it is not confined to 1. 
1-x-y or vy will represent the operation of electing, first, all the X’s in the 
“universe’’, and from this class by a second operation, all the Y’s. The 
result of these two operations will be the class whose members are both 
X’s and Y’s. Thus xy is the class of the common members of x and 7; 
xyz, the class of those things which belong at once to x, to y, and to g, 
and soon. And for any 2, 1-2 = 2. 

The operation of “aggregating parts into a whole” is represented by +. 
a+y symbolizes the class formed by combining the two distinct classes, 
aand y. It is a distinctive feature of Boole’s algebra that 2 and y ina +y 
must have no common members. The relation may be read, “that which 


88 See De Morgan’s note to the article ‘On Propositions Numerically Definite’’, Camb. 
Phil, Trams., x1 (1871), 396. 

89 London, Walton and Maberly. 

°° This principle appears for the first time in the Laws of Thought. See pp. 37-38. 
Work hereafter cited as L. of 7. 
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is either 2 or y but not both’’. Although Boole does not remark it, «+ y 
cannot be as completely analogous to the corresponding operation of 
ordinary algebra as zy is to the ordinary algebraic product. In numerical 
algebras a number may be added to itself: but since Boole conceives the 
terms of any logical sum to be “ quite distinct’”’,*! mutually exclusive classes, 
«+a cannot have a meaning in his system. As we shall see, this is very 
awkward, because such expressions still occur in his algebra and have to be 
dealt with by troublesome devices. 

But making the relation x + y completely disjunctive has one advantage 
—it makes possible the inverse relation of “subtraction”. The “separa- 
tion of a part, x, from a whole, y”’, is represented by y — x. Ifa+z = y, 
then since « and z have nothing in common, y — x = 2 and y —z = 2. 
Hence [+] and [—] are strict inverses. 

x + y, then, symbolizes the class of those things which are either members 
of x or members of y, but not of both. x-y or xy symbolizes the class of 
those things which are both members of « and members of y. x — y repre- 
sents the class of the members of x which are not members of y—the 2’s 
except the y’s. [=] represents the relation of two classes which have the 
same members, i. e., have the same extension. These are the fundamental 
relations of the algebra. 

The entity (1 — x) is of especial importance. This represents the 
universe except the x’s, or all things which are not z’s. It is, then, the 
supplement or negative of x. 

With the use of this symbolism for the negative of a class, the sum of two 
classes, and y, which have members in common, can be represented by 

aytau(l —y)+(1 — a)y. 
The first term of this sum is the class which are both 2’s and y’s; the second, 
those which are a’s but not y’s; the third, those which are y’s but not z’s. 
Thus the three terms represent classes which are all mutually exclusive, 
and the sum satisfies the meaning of +. In a similar fashion, x+y may 
be expanded to 
x(1—y)+(1 — a)y. 

Consideration of the laws of thought and of the meaning of these sym- 
bols will show us that the following principles hold: 

Ch) ay = ya What is both x and y is both y and a. 

(2) ety =yte What is either x or y is either y or x. 


1 See L. of T., pp. 382-33. 
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(3) sle+y) = 2u+zy That which is both z and (either z or y) 
is either both z and a or both z and y. 
(4) 2(@ — y) = ee — 2y That which is both z and (a but not y) 


is both z and 2 but not both z and y. 
(5) Iie = y, then ze = zy 
str = ety 
Y—-S=y—zZ 
(6)¢—-—y= —yre 


This last is an arbitrary convention: the first half of the expression gives 
the meaning of the last half. 

It is a peculiarity of “logical symbols” that if the operation x, upon 1, 
be repeated, the result is not altered by the repetition: 


l-x=l-aew=1-e-x-2.... Hence we have: 
CA) Se 


2) 92 


Boole calls this the “index law”’. 

All these laws, except (7), hold for numerical algebra. It may be 
noted that, in logic, “If « = y, then za = zy” is not reversible. At first 
glance, this may seem to be another difference between numerical algebra 
and the system in question. But “If zx = zy, then x = y’’ does not hold 
in numerical algebra when z = 0. Law (7) is, then, the distinguishing 
principle of this algebra. The only finite numbers for which it holds are 
Oand1. All the above laws hold for an algebra of the numbers 0 and 1. With 
this observation, Boole adopts the entire procedure of ordinary algebra, 
modified by the law a2? = 2, introduces numerical coefficients other than 0 
and 1, and makes use, on occasion, of the operation of division, of the 
properties of functions, and of any algebraic transformations which happen 
to serve his purpose.” 

This borrowing of algebraic operations which often have no logical 
interpretation is at first confusing to the student of logic; and commen- 
tators have seemed to smile indulgently upon it. An example will help: 
the derivation of the “law of contradiction” or, as Boole ealls it, the “law 
of duality’’, from the ‘index law’’.% : 

® In Mathematical Analysis of Logic he gives it also in the form a” = x, but in L. of T. 


he avoids this, probably because the factors of «" — a (e. g., 73 — x) are not always logically 
interpretable. 

% This procedure characterizes L. of 7. Only 0 and 1, and the fractions which can 
be formed from them appear in Math. An. of Logic, and the use of division and of fractional 
coefficients is not successfully explained in that book. 

EID, Oy IL) oy, G19). 
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Since? = 7, a2 —2? = 0. 

Hence, factoring, 7(1 — x) = 0. 

This transformation hardly represents any process of logical deduction. 
Whoever says “What is both 2 and a, 2°, is equivalent to x; therefore what 
is both x and not-z is nothing” may well be asked for the steps of his reason- 
ing. Nor should we be satisfied if he reply by interpreting in logical terms 
the intermediate expression, x — 2? = 0. 

Nevertheless, this apparently arbitrary way of using uninterpretable 
algebraic processes is thoroughly sound. Boole’s algebra may be viewed 
as an abstract mathematical system, generated by the laws we have noted, 
which has two interpretations. On the one hand, the “logical” or “elec- 
tive” symbols may be interpreted as variables whose value is either numeri- 
cal 0 or numerical 1, although numerical coefficients other than 0 and 1 are 
admissible, provided it be remembered that such coefficients do not obey 
the “index law” which holds for “elective” symbols. All the usual alge- 
braic transformations will have an interpretation in these terms. On the 
other hand, the “logical” or “elective” symbols may be interpreted as 
logical classes. For this interpretation, some of the algebraical processes 
of the system and some resultant expressions will not be expressible in terms 
of logic. But whenever they are interpretable, they will be valid conse- 
quences of the premises, and even when they are not interpretable, any 
further results, derived from them, which are interpretable, will also be 
valid consequences of the premises. 

It must be admitted that Boole himself does not observe the proprieties 
of his procedure. His consistent course would have been to develop this al- 
gebra without reference to logical meanings, and then to discuss in a thorough 
fashion the interpretation, and the limits of that interpretation, for logical 
classes. By such a method, he would have avoided, for example, the 
difficulty about 2+z. We should have «+x = 2x, the interpretation of 
which for the numbers 0 and 1 is obvious, and its interpretation for logical 
classes would depend upon certain conventions which Boole made and 
which will be explained shortly. The point is that the two interpretations 
should be kept separate, although the processes of the system need not be 
limited by the narrower interpretation—that for logical classes. Instead 
of making this separation of the abstract algebra and its two interpretations, 
Boole takes himself to be developing a calculus of logic; he observes that 
its “axioms”’ are identical with those of an algebra of the numbers 0 and 1; 

% 1, of T., pp. 37-38. 
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hence he applies the whole machinery of that algebra, yet arbitrarily rejects 
from it any expressions which are not finally interpretable in terms of logical 
relations. The retaining of non-interpretable expressions which can be 
transformed into interpretable expressions he compares to “the employ- 
ment of the uninterpretable symbol ¥—1 in the intermediate processes 
of trigonometry.’ It would be a pretty piece of research to take Boole’s 
algebra, find independent postulates for it (his laws are entirely insufficient 
as a basis for the operations he uses), complete it, and sy stems tically investi- 
gate its interpretations. 

But neglecting these problems of method, the expression of the simple 
logical relations in Boole’s symbolism will now be entirely clear. Classes 
wil] be represented by 2, y, 2, etc.; their negatives, by (1 — x), (1 — y), 
etc. That which is both 2 and y will be zy; that which is x but not y will 
be a(1 — y), ete. That which is x or y but not both, will be x+y, or 
x(1 — y)+(1 — x)y. That which is z or y or both will be + (1 — x)y— 
i. e., that which is z or not x but y—or 

Sey ely ey 
—that which is both a and y or « but not y or y but nota. 1 represents the 
“universe” or “everything”. The logical significance of 0 is determined 
by the fact that, for any y, Oy = 0: the only class which remains unaltered 
by any operation of electing from it whatever is the class “nothing”’. 

Since Boole’s algebra is the basis of the classic algebra of logic—which 
is the topic of the next chapter—it will be unnecessary to comment upon 
those parts of Boole’s procedure which were taken over into the classic 
algebra. These will be clear to any who understand the algebra of logic 
in its current form or who acquaint themselves with the content of Chapter 
II. We shall, then, turn our attention chiefly to those parts of his method 
which are peculiar to him. 

Boole does not symbolize the relation “a is included in y”. Conse- 
quently the only copula by which the relation of terms in a proposition can 
be represented is the relation =. And since all relations are taken in 
extension, « = y symbolizes the fact that 2 and y are classes with identical 
membership. Propositions must be represented by equations in which — 
something is put = 0 or = 1, or else the predicate must be quantified. 
Boole uses both methods, but mainly relies upon quantification of the 
predicate. This involves an awkward procedure, though one which still 
survives—the introduction of a symbol v or w, to represent an indefinite 

TZ. of T., p. 69. 
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class and symbolize “Some”. Thus “All a is (some) y’’ is represented by 
z= vy: “Some a is (some) y”, by wx = vy. If v, or w, were here “the 
indefinite class” or “any class”, this method would be less objectionable. 
But in such cases v, or w, must be very definitely specified: it must be a 
class “indefinite in all respects but this, that it contains some members of 
the class to whose expression it is prefixed’”’.®7 The universal affirmative 
can also be expressed, without this symbol for the indeterminate, as «(1 — y) 
= 0; “Alla is y” means “That which is x but not y is nothing”. Negative 
propositions are treated as affirmative propositions with a negative predi- 
cate. So the four typical propositions of traditional logic are expres-ed as 
follows: ° 


All x is y: e = oy; or, a(l —y) = 0. 

No @ is y: x =v —y), or Cys 

Some 2 Is y: m = wil — y), or, > Sk 

Some x isnot y: vw = w(l — y), OF oe = a2(1 — y). 


Each of these has various other equivalents which may be readily deter- 
mined by the laws of the algebra. : 

To reason by the aid of this symbolism, one has only to express his 
premises explicitly in the proper manner and then operate upon the resultant 
equation according to the laws of the algebra.. Or, as Boole more explicitly 
puts it, valid reasoning requires: °° 


“Ist, That a fixed interpretation be assigned to the symbols employed 
in the expression of the data; and that the laws of the combination of these 
symbols be correctly determined from that interpretation. 

“2nd, That the formal processes of solution or demonstration be con- 
ducted throughout in obedience to all the laws determined as above, with- 
out regard to the question of the interpretation of the particular results 
obtained. 

“3rd, That the final result be interpretable in form, and that it be 
actually interpreted in accordance with that system of interpretation which 
has been employed in the expression of the data.” 


As we shall see, Boole’s methods of solution sometimes involve an 
uninterpretable stage, sometimes not, but there is provided a machinery by 


7 L, of T., p. 63. This translation of the arbitrary v by “Some”’ is unwarranted, and 
the above statement is inconsistent with Boole’s later treatment of the arbitrary coefficient. 
There is no reason why such an arbitrary coefficient may not be null. 

98 See Math. An. of Logic, pp. 21-22; L. of T'., Chap. rv. 

99 LT, of T., p. 68. 
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which any equation may be reduced to a form which is interpretable. To 
comprehend this we must first understand the process known as the develop- 
ment of a function. With regard to this, we can be brief, because Boole’s 
method of development belongs also to the classic algebra and is essentially 
the process explained in the next chapter.’ 

Any expression in the algebra which involves x or (1 — x) may be 
called a function of «. A function of x is said to be developed when it has 
the form Av+B(1 — x). It is here required that x be a “logical symbol ”’, 
susceptible only of the values 0 and 1. But the coefficients, A and B, are 
not so limited: A, or B, may be such a “logical symbol” which obeys the 
“law of duality’’, or it may be some number other than 0 or 1, or involve 
such a number. If the function, as given, does not have the form Az 
+ B(1 — x), it may be put into that form by observing certain interesting 
laws which govern coefficients. 


Let f(@) = Av+ BU — 2) 
Then fd) =4:1+B0—-1)=A 
And 70) = 4-04B80 —0) =] 8 
Hence He) =f Lyrae Oy (a) 
: 1l+z 
Thus if f(x) = eee , 
1+1 1+0 1 
pee ea [Masia gas 
Hence f(y = 2a + : (1 — 2) 


A developed function of two variables, 2 and y, will have the form: 
Axy+ Bel — y)+ CU — x)y+ DO — 2)(1 — y) 

And for any function, f(z, y), the coefficients are determined by the law: 

fe, y) =f, I)-zy +f, 0)-2(1 — y) +f, D-( — ay 


+/(0, 0): — 2x)” — y) 

00 See Math. An. of Logic, pp. 60-69; L. of T., pp. 71-79; “The Calculus of Logie,” 
Cambridge and Dublin Math. Jour., ut, 188-89. That this same method of development 
should belong both to Boole’s algebra and to the remodeled algebra of logic, in which + 
is not completely disjunctive, is at first surprising. But a completely developed function, 
in either algebra, is always a sum of terms any two of which have nothing in common. 


This accounts for the identity of form where there is a real and important difference in the 
meaning of the symbols. 
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Thus if f(x, y) = ax + Qby, 
ily Deo li 26-1 — a+ 20 
Plena" Ol lok 20ie() = 
gO Die G04 2b5 1 = 2b 
f(0, 0) = a-0+ 26-0 = 0 
Hence f(x, y) = (at 2b)xy + ax(1 — y) + 20(1 — a)y 


An exactly similar law governs the expansion and the determination of 
coefficients, for functions of any number of variables. In the words of 
Boole: !% 

“The general rule of development will . . . consist of two parts, the 
first of which will relate to the formation of the constituents of the expansion, 
the second to the determination of their respective coefficients. It is as 
follows: 

“Ist. To expand any function of the symbols x, y, z—Form a series 
of constituents in the following manner: Let the first constituent be the 
product of the symbols: change in this product any symbol z into 1 — gz, 
for the second constituent. Then in both these change any other symbol 
y into 1 — y, for two more constituents. Then in the four constituents 
thus obtained change any other symbol 2 into 1 — 2, for four new constit- 
uents, and so on until the number of possible changes has been exhausted. 

“Qndly. To find the coefficient of any constituent—If that constituent 
involves x as a factor, change in the original function x into 1; but if it 
involves 1 — 2 as a factor, change in the original function x into 0. Apply 
the same rule with reference to the symbols y, z, etc.: the final calculated 
value of the function thus transformed will be the coefficient sought.” 

Two further properties of developed functions, which are useful in 
solutions and interpretations, are: (1) The product of any two constituents 
is 0. If one constituent be, for example, xyz, any other constituent will 
have as a factor one or more of the negatives, 1 —2z, 1—y, 1 —2. 
Thus the product of the two will have a factor of the form (1 — x). And 
where x is a “logical symbol”’, susceptible only of the values 0 and 1, «(1 — 2) 
is always 0. And (2) if each constituent of any expansion have the coef- 
ficient 1, the sum of all the constituents is 1. 

All information which it may be desired to obtain from a given set of 
premises, represented by equations, will be got either (1) by a solution, to 
determine the equivalent, in other terms, of some “logical symbol” x, or 


101 L, of T., pp. 75-76. 
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(2) by an elimination, to discover what statements (equations), which are 
independent of some term x, are warranted by given equations which in- 
volve x, or (3) by a combination of these two, to determine the equivalent 
of x in terms of ¢, u, v, from equations which involve 2, t, u, 2, and some 
other “logical” symbol or symbols which must be eliminated in the desired 
result. “Formal” reasoning is accomplished by the elimination of “middle” 
terms. 

The student of symbolic logic in its current form knows that any set 
of equations may be combined into a single equation, that any equation 
involving a term x may be given the form da+B(1 — x) = 0, and that 
the result of eliminating a from such an equation is AB = 0. Also, the 
solution of any such equation, provided the condition AB = 0 be satisfied, 
will be x = B+v(1 — A), where v is undetermined. Boole’s methods 
achieve these same results, but the presence of numerical coefficients other 
than 0 and 1, as well as the inverse operations of subtraction and division, 
necessarily complicates his procedure. And he does not present the matter 
of solutions in the form in which we should expect to find it but in a more 
complicated fashion which nevertheless gives equivalent results. We have 
now to trace the procedures of interpretation, reduction, etc. by which 
Boole obviates the difficulties of his algebra which have been mentioned. 

The simplest form of equation is that in which a developed function, 
of any number of variables, is equated to 0, as: 


Azv+B(1 — 2) = 0, or, 
Agy + Bal — y)+C — 2)y+ DI — 2) — y) = 0, etc. 


It is an important property of such equations that, since the product of 
any two constituents in a developed function is 0, any such equation gives 
any one of its constituents, whose coefficient does not vanish in the develop- 
ment, = 0. For example, if we multiply the second of the equations given 
by ay, all constituents after the first will vanish, giving day = 0. Whence 
we shall have ay = 0. , 

Any equation in which a developed function is equated to 1 may be 
reduced to the form in which one member is 0 by the law; If'V = 1, 
1-—V=0. 

The more general form of equation is that in which some “logical 
symbol”’, w, is equated to some function of such symbols. For example, 
suppose x = yz, and it be desired to interpret z as a function of x and y. 
uv = yz gives 2 = x/y; but this form is not interpretable. We shall, then, 
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develop x/y by the law 
f@, y) =f, 1)-ay+fC, 0)-a(1 — y) +f, 1)-(1 — ay 


SE AGE AMO G) Se GS) 
By this law: 


lf z ek hea 
y 


1 0 
2 = cyt race — y)+0(1 — a)y+ 9 —2x)(1 —y) 


These fractional coefficients represent the sole necessary difference of Boole’s 
methods from those at present familiar—a difference due to the presence 
of division in his system. Because any function can always be de- 
veloped, and the difference between any two developed functions, of the 
same variables, is always confined to the coefficients. If, then, we can 
interpret and successfully deal with such fractional coefficients, one of the 
difficulties of Boole’s system is removed. 

The fraction 0/0 is indeterminate, and this suggests that a proper inter- 
pretation of the coefficient 0/0 would be to regard it as indicating an unde- 
termined portion of the class whose coefficient it is. This interpretation 
may be corroborated by considering the symbolic interpretation of “ All 
x is y”, which is x(1 — y) = 0. 


Ifa — y) =0,then  — zy = 0 and ¢=y. 
Whence y = 2/2. 


; 0 
Developing x/z, we have y = x+ F (1 — 2). 


If “All x is y’’, the class y is made up of the class 2 plus an undetermined 
portion of the class not-a. Whence 0/0 is equivalent to an arbitrary 
parameter v, which should be interpreted as “an undetermined portion of”’ 
or as “All, some, or none of’’. 

The coefficient 1/0 belongs to the general class of symbols which do not 
obey the “index law”, x? = 2, or its equivalent, the “law of duality”, 
a(1—a) =0. At least Boole says it belongs to this class, though the 
numerical properties of 1/0 would, in fact, depend upon laws which do not 
belong to Boole’s system. But in any case, 1/0 belongs with the class of 
such coefficients so far as its logical interpretation goes. Any constituent of a 
developed function which does not satisfy the index law must be separately 
equated to 0. ' Suppose that in any equation 


w= At+P 
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w be a “logical symbol”, and t be a constituent of a developed function 
whose coefficient A does not satisfy the index law, A? = A. And let P 
be the sum of the remaining constituents whose coefficients do satisfy this 


law. Then 
qu = W, fi = ft, and Pa. 


Since the product of any two constituents of a development is 0, 
we = (Ai+ Py = Ar +P 
Hence w= At+P 
Subtracting this from the original equation, 
(A — A?)t = 0 = AGC — Ad 
. Hence since A(1 — A) + 0, i=) 


Hence any equation of the form 
0 iL 
= P+0Q+-—~R+-—-S 
w Q F 0 
is equivalent to the two equations 


w= P+oR and Sa) 


which together represent its complete solution. 

It will be noted that a fraction, in Boole’s algebra, is always an am- 
biguous function. Hence the division operation must never be performed: 
the value of a fraction is to be determined by the law of development only, 
except for the numerical coefficients, which are elsewhere discussed. We 
have already remarked that az = ba does not give a = b, because x may 
have the value 0. But we may transform az = bx into a = bx/x and 
determine this fraction by the law 


f(b, x) = fC, 1)-be +f (1, 0)-b(1 — x) +f, 1)-(1 — Dx 
+f(0,0)-d — bd) — 2) 
We shall then have 


bx 0 0 
Vo ee ba + 9 Od — 2)+ 5 = hi >) 


and this is not, in general, equivalent to b. Replacing 0/0 by indeterminate 
coefficients, » and w, this gives us, 
Tt az = bx, then 


a= be+v-b(1 — 2) +w-1 — 6) — 2) 
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And this result is always valid. Suppose, for example, the logical equation 
rational men = married men 


and suppose we wish to discover who are the rational beings. Our equation 
will not give us 
rational = married 
but instead 
rational = married men + »-married non-men + w-non-married non-men 

That is, our hypothesis is satisfied if the class “rational beings” consist of 
the married men together with any portion (which may be null) of the 
class “married women” and a similarly undetermined portion of the class 
“ainmarried women’”’. 

If we consider Boole’s system as an algebra of 0 and 1, and the fact that 
for any fraction, 2/y, 


4 1 
C= ayt Gal y+ 50-209) 


we shall find, by investigating the cases 
(Q)e@=landy=1; Q2=Ly=0; @)e=0,y=1; 
and (Arar = 0, y= 0, 


that it requires these three possible cases: 


0 
Ud 
eat 
(2) 4 = 0 


OL 
2 — as se 8 
a Sie 


Or, to speak more accurately, it requires that 0/0 be an ambiguous function 
susceptible of the values 0 and 1. 

Since there are, in general, only four possible coefficients, 1, 0, 0/0, and 
such as do not obey the index law, of which 1/0 is a special case, this means 
that any equation can be interpreted, and the difficulty due to the presence 
of an uninterpretable division operation in the system has disappeared. 
And any equation can be solved for any “logical symbol” x, by trans- 
ferring all other terms to the opposite side of the equation, by subtraction 
or division or both, and developing that side of the equation. 

Any equation may be put in the form in which one member is 0 by 
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bringing all the terms to one side. When this is done, and the equation 
fully expanded, all the coefficients which do not vanish may be changed to 
unity, except such as already have that value. Boole calls this a “rule of 
interpretation”. Its validity follows from two considerations: (1) Any 
constituent of an equation with one member 0, whose coefficient does not 
vanish in development, may be separately equated to 0; (2) the sum of 
the constituents thus separately equated to 0 will be an equation with one 
member 0 in which each coefficient will be unity. 

Negative coefficients may be eliminated by squaring both sides of any 
equation in which they appear. The “logical symbols” in any function 
are not altered by squaring, and any expression of the form (1 — x), where 
a is a “logical symbol”’, is not altered, since it can have only the values 
QO and1. Hence no constituent is altered, except that its coefficient may be 
altered. And any negative coefficient will be made positive. No new 
terms will be introduced by squaring, since the product of any two terms 
of a developed function is always null. Hence the only change effected 
by squaring any developed function is the alteration of any negative coef- 
ficients into positive. Their actual numerical value is of no consequence, 
because coefficients other than 1 can be dealt with by the method described 
above. 

For reducing any two or more equations to a single equation, Boole 
first proposed the “method of indeterminate multipliers”, by which 
each equation, after the first, is multiplied by an arbitrary constant and the 
equations then added. But these indeterminate multipliers complicate the 
process of elimination, and the method is, as he afterward recognized, an 
inferior one. More simply, such equations may be reduced, by the methods 
just described, to the form in which one member is 0, and each coefficient 
is 1. They may then be simply added; the resulting equation will combine 
the logical significance of the equations added. 

Any “logical symbol” which is not wanted in an equation may be 
eliminated by the method which is familiar to all students of symbolic 
logic. To eliminate a, the equation is reduced to the form 


Az+B(l — 2) =0 
The result of elimination will be! 
AB = 0 
WEG (yp Ales Fors OO) 


18 See Math. An. of Logic, pp. 78-81; L. of T., pp. 115-120. 


14 See L. of T., p. 101. We do not pause upon this or other matters which will be 
entirely clear to those who understand current theory. 
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By these methods, the difference between Boole’s algebra and the classic 
algebra of logic which grew out of it is reduced toa minimum. Any logical 
results obtainable by the use of the classic algebra may also be got by 
Boole’s procedures. The difference is solely one of ease and mathematical 
neatness in the method. Two important Jaws of the classic algebra which 
do not appear among Boole’s principles are: 

Cl) ten = 2, and (2) a =a2+a2y 

These seem to be inconsistent with the Boolean meaning of +; the first of 
them does not hold for x = 1; the second does not hold for x = 1, y = 1. 
But although they do not belong to Boole’s system as an abstract algebra, 
the methods of reduction which have been discussed will always give x in 
place of «+2 or of x+y, in any equation in which these appear. The 
expansion of «+2 gives 2x; the expansion of +2y gives 2ay+2(1 — y). 
By the method for dealing with coefficients other than unity, 22 may be 
replaced in the equation by 2, and 2ay+a(1 — y) by ay+a(1 — y), which 
is equal to x. 

The methods of applying the algebra to the relations of logical classes 
should now be sufficiently clear. The application to propositions is made 
by the familiar device of correlating the “logical symbol”, x, with the 
times when some proposition, X, is true. zy will represent the times when 
X and Y are both true; x(1 — y), the times when_X is true and Y is false, 
and so on. Congruent with the meaning of +, «+y will represent the 
times when either X or Y (but not both) is true. In order to symbolize 
the times when X or Y or both are true, we must write xz +(1 — a)y, or 
ay+a(l —y)+(1—a2)y. 1, the “universe’’, wil) represent “all times” or 


’ ’ 


“always”; and 0 will be “no time” or “never”. 2 = 1 will represent 


“X is always true”; x = 0 or (1 — 2x) = 1, “X is never true, is always 
false”’ 

Just as there is, with Boole, no symbol for the inclusion relation of 
classes, so there is no symbol for the implication relation of propositions. 


“X is contained in Y” becomes 2 = vy. Cor- 


For classes, “ All X is Y”’ or 
respondingly, “All times when X is true are times when Y is true” or “If 
X then Y” or “X implies Y” is x = vy. x = y will mean, “The times 
when_X is true and the times when Y is true are the same” or “X implies 
Y and Y implies X”’. 

The entire procedure for “secondary propositions”’ is summarized as 
follows: 1” 


105 J, of ie Dp. 178. 
6 
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“Rule.—Express symbolically the given propositions. . . . 

“Pliminate separately from each equation in which it is found the 
indefinite symbol ». | 

“Fliminate the remaining symbols which it is desired to banish from 
the final solution: always before elimination, reducing to a single equation 
those equations in which the symbol or symbols to be eliminated are found. 
Collect the resulting equations into a single equation [one member of which 
IssO ey 0: 

“Then proceed according to the particular form in which it is desired 
to express the final relation, as 

Ist. If in the form of a denial, or system of denials, develop the 
function ’, and equate to 0 all those constituents whose coefficients do 
not vanish. 

2ndly. If in the form of a disjunctive proposition, equate to 1 the 
sum of those constituents whose coefficients vanish. 

3rdly. If in the form of a conditional propesition having a simple 
element, as x or 1 — 2, for its antecedent, determine the algebraic 
expression of that element, and develop that expression. 

Athly. If in the form of a conditional proposition having a com- 
pound expression, as vy, xy+(1 — x)(1 -- y), ete., for its antecedent, 
equate that expression to a new symbol t, and determine ft as a developed 
function of the symbols which are to appear in the consequent. . . . 

5thly. .. . If it only be desired to ascertain whether a particular 
elementary proposition a2 is true or false, we must eliminate all the 
symbols but 2; then the equation 2 = 1 will indicate that the proposi- 
tion is true, a = 0 that it is false, 0 = 0 that the premises are insuf- 
ficient to determine whether it is true or false.” 


It is a curious fact that the one obvious law of an algebra of 0 and 1 
which Boole does not assume is exactly the law which would have limited 
the logical interpretation of his algebra to propositions. The law 


lias 1 = OFand if ee 0 oat 


is exactly the principle which his successors added to his system when it 
is to be considered as a calculus of propositions. This principle would have 
made his system completely inapplicable to logical classes. 

For propositions, this principle means, “If a is not true, then z is false, 
and if a is not false, it is true”. But careful attention to Boole’s interpre- 
tation for “propositions” shows that in his system x = 0 should be inter- 
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preted “a is false at all times (or in all cases)”, and 2 = 1 should be in- 
terpreted “a is true at all times”. This reveals that fact that what Boole 
calls “propositions” are what we should now call “propositional functions ”, 
that is, statements which may be true under some circumstances and false 
under others. The limitation put upon what we now call “ propositions’”’— 
namely that they must be absolutely determinate, and hence simply true 
or false—does not belong to Boole’s system. And his treatment of “propo- 
sitional symbols” in the application of the algebra to probability theory 
gives them the character of “propositional functions” rather than of our 
absolutely determinate propositions. 

The last one hundred and seventy-five pages of the Laws of Thought 
are devoted to an application of the algebra to the solution of problems in 
probabilities.!° This application amounts to the invention of a new 
method—a method whereby any logical analysis involved in the problem 
is performed as automatically as the purely mathematical operations. 
We can make this provisionally clear by a single illustration: 

All the objects belonging to a certain collection are classified in three 
ways—as A’s or not, as B’s or not, and as C’s or not. It is then found 
that (1) a fraction m/n of the A’s are also B’s and (2) the C’s consist of the 
A’s which are not B’s together with the B’s which are not A’s. 

Required: the probability that if one of the A’s be taken at random, 
it will also be a C. 

By premise (2) 

CN SS i ve 
Since A, B, and C are “logical symbols’, A? = A and A(l — A) = 0. 
eee C= A= Bis A ANP = ACL — 8). 

The A’s which are also C’s are identical with the A’s which are not B’s. 
Thus the probability that a given A is also a C is exactly the probability 
that itis not a B; or by premise (1), 1 — m/n, which is the required solution. 

In any problem concerning probabilities, there are usually two sorts of 
difficulties, the purely mathematical ones, and those involved in the logical 
analysis of the situation upon which the probability in question depends. 
The methods of Boole’s algebra provide a means for expressing the relations 
of classes, or events, given in the data, and then transforming these logical 


106 Chap. 16 ff. See also the Keith Prize essay “On the Application of the Theory of 
Probabilities to the Question of the Combination of Testimonies or Judgments”, Trans. 
Roy. Soc. Edinburgh, xx1, 597 ff. Also a series of articles in Phil. Mag., 1851-54 (see 
Bibl). An article on the related topic “Of Propositions Numerically Definite” appeared 
posthumously; Camb. Phil. Trans., X1, 396-411. 
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equations so as to express the class which the quaesitum concerns as a func- 
tion of the other classes involved. It thus affords a method for untangling 
the problem—often the most difficult part of the solution. 

The parallelism between the logical relations of classes as expressed in 
Boole’s algebra and the corresponding probabilities, numerically expressed, 
is striking. Suppose a represent the class of cases (in a given total) in which 
the event X occurs—or those which “are favorable to” the occurrence of 
X.107 And let p be the probability, numerically expressed, of the event X. 
The total class of cases will constitute the logical “universe’’, or 1; the 
null class will be 0. Thus, if c = 1—/f all the eases are favorable to Y— 
then p = 1—the probability of X is “certainty”. If « = 0, then p = 0. 
Further, the class of cases in which X does not occur, will be expressed by 
1 — a; the probability that X will not occur is the numerical 1 — p. Also, 
a+(1—2) =1land p+(1 — p) = 1. 

This parallelism extends likewise to the combinations of two or more 
events. If zx represent the class of cases in which X occurs, and y the class 
of cases in which Y occurs, then xy will be the class of cases in which X 
and Y both occur; 2x(1 — y), the cases in which X occurs without Y; 
(1 — x)y, the cases in which Y occurs without X; (1 — x)(1 — y), the 
cases in which neither occurs; «(1 — y)+y(1 — x), the cases in which 
X or Y occurs but not both, and soon. Suppose that XY and Y are “simple”’ 
and “independent” events, and let p be the probability of X, g the prob- 
ability of Y. Then we have: 


Combination of events Corresponding probabilities 
expressed in Boole’s algebra numerically expressed 
vy PY 
a(l — y) p(l — q) 
(I — x)y (1 — q)p 
(= a)(l — y) (1 eere i ea) 
vl — y)+(1 — a)y pL gpg 
Ete. ete. 


In fact, this parallelism is complete, and the following rule can be 
formulated : 198 


a Boole prefers to consider x as representing the times when a certain proposition, 
ate an occurrence, will be true. But this interpretation comes to exactly the same 
thing. 

LID, Off Lo Oy BIS. 
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“If p,q, 7,.. . are the respective probabilities of unconditioned simple 
events, 2, y,2,.. . , the probability of any compound event V will be [V/], 
this function [V’] being formed by changing, in the function V’, the symbols 
eS, ices INUO Os O58T shen oe 

“According to the well-known law of Pascal, the probability that if 
the event V occur, the event V’ will occur with it, is expressed by a fraction 
whose numerator is the probability of the joint occurrence of V and V’, 
and whose denominator is the probability of the occurrence of V. We can 
then extend the rule just given to such cases: 

“The probability that if the event V occur, any other event V’ will 

oe 
also occur, will be Son , where [V V’’] denotes the result obtained by 
multiplying together the logical functions V and V’, and changing in the 
PesUlb er yee. ILO. D505 fyi ca 

The inverse problem of finding the absolute probability of an event 
when its probability upon a given condition is known can also be solved. 

Given: The probabilities of simple events 2, y, 2, . . . are respectively 
Pp, 7, 7, -» . when a certain condition V is satisfied. . 

To determine: the absolute probabilities 1, m, n,...of2, y,2,.... 

By the rule just given, 

[7V] [(yV] [V] 
ita gee ee A 


=T1, Les 


And the number of such equations will be equal to the number of unknowns, 
l, m, n,...to be determined.'!9? The determination of any logical expres- 
sion of the form xV is peculiarly simple since the product of 2 into any 
developed function V is the sum of those constituents of V which contain x 
as a factor. For example: 


if V = 2xyz+a(1 — yjat+(1 — a)y(1 — 2)+ — 2)(1 — y)z, 
aV = xyz+a(l — y)/2 
yV. = aye+ (1 — x)y(1 — 2) 
2V = ayz+a(1 — yet (1 — a)(1 — y)2 
Thus any equation of the form 


[2] 


\V] 

109 On certain difficulties in this connection, and their solution, see Cayley, “On a 
Question in the Theory of Probability” (with discussion by Boole), Phil. Mag., Ser. rv, 
xxiit (1862), 352-65, and Boole, “(On a General Method in the Theory of Probabilities”, 
ibid., xxv (1863), 313-17. 
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is readily determined as a numerical equation. Boole gives the following 
example in illustration: !"° 
“Suppose that in the drawings of balls from an urn, attention had only 
been paid to those cases in which the balls drawn were either of a particular 
color, ‘white,’ or of a particular composition, ‘marble,’ or were marked by 
both of these characters, no record having been kept of those cases in which 
a ball which was neither white nor of marble had been drawn. Let it then 
have been found, that whenever the supposed condition was satisfied, there 
was a probability p that a white ball would be drawn, and a probability ¢ 
that a marble ball would be drawn: and from these data alone let it be 
required to find the probability m that in the next drawing, without refer- 
ence at all to the condition above mentioned, a white ball will be drawn; 
also a probability m that a marble ball will be drawn. 
“Here if x represent the drawing of a white ball, y that of a marble 

ball, the condition J” will be represented by the logical function 

rytx(l —y)+U —a)y 
Hence we have 

2V sy +e(1 —y) = 2 

yV =azy+(l—a2)y=y 
Whence 

[xV] = m, [yw] =n 
and the final equations of the problem are 


m 


mn+m(1 — n) + (dl — m)n _ 
n 
mn+m(1 — n)+ (1—m)n 
from which we find 
p+q-—1 pr+q—l1 
— n = —— 
q p 
. . » To meet a possible objection, I here remark that the above reasoning 
does not require that the drawings of a white and a marble ball should be 
independent, in virtue of the physical constitution of the balls. 
“In general, the probabilities of any system of independent events 
being given, the probability of any event VY may be determined by finding a 
logical equation of the form 7 


QO 
2 =A +08 + — Os =F 
0) 0 


0 L. of T., p. 262. I have slightly altered the illustration by a change of letters 
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where A, B, C, and D are functions of the symbols of the other events. 
As has already been shown, this is the general type of the logical equation, 
and its interpretation is given by 


spt OE where v is arbitrary and 
D= 0 
By the properties of constituents, we have also the equation, 
A+B+C+D=1 
and, since D = 0, 
A+B+C=1 
A+ 5+ C thus gives the ‘universe’ of the events in question, and the prob- 
abilities given in the data are to be interpreted as conditioned by 4+B+C 
= 1, since D = 0 is the condition of the solution = A+vC. If the given 
probability of some event S is p, of T is q, etc., then the supposed ‘absolute’ 
probabilities of S, 7, etc., may be determined by the method which has 
been described. Let V = 4+B+C, then 
[sV] [VV] 
[V] Ps [V] q; 
where [sV], [tV], ete. are the “absolute probabilities’ 
being determined, may be substituted in the equation 
[A +00] 
[V7] 


etc: 


B] 


sought. These, 


Prob. w = 


which will furnish the required solution. 

“The term vC will appear only in cases where the data are insufficient 
to determine the probability sought. Where it does appear, the limits of 
this probability may be determined by giving v the limiting values, 0 and 1. 


Thus 


Lower limit of Prob. w = — 


A G ”) 
Upper limit = fe a 


With the detail of this method, and with the theoretical difficulties of 
its application and interpretation, we need not here concern ourselves. 
Suffice it to say that, with certain modifications, it is an entirely workable 
method and seems to possess certain marked advantages over those more 
generally in use. It is a matter of surprise that this immediately useful 
application of symbolic logic has been so generally overlooked. 
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VI. JEVONS 


It has been shown that Boole’s “calculus of logic” is not so much a 
system of logic as an algebra of the numbers 0 and 1, some of whose ex- 
pressions are capable of simple interpretation as relations of logical classes, 
or propositions, and some of whose transformations represent processes of 
reasoning. If the entire algebra can, with sufficient ingenuity, be inter- 
preted as a system of logic, still Boole himself failed to recognize this fact, 
and this indicates the difficulty and unnaturalness of some parts of this 
interpretation. 

Jevons!! pointed a way to the simplification of Boole’s algebra, dis- 
carding those expressions which have no obvious interpretation in logic, 
and laying down a procedure which is just as general and is, in important 
respects, superior. In his first book on this subject, Jevons says: '” 


“So long as Professor Boole’s system of mathematical logic was capable 
of giving results beyond the power of any other system, it had in this fact 
an impregnable stronghold. Those who were not prepared to draw the 
same inferences in some other manner could not quarrel with the manner 
of Professor Boole. But if it be true that the system of the foregoing 
chapters is of equal power with Professor Boole’s system, the case is altered. 
There are now two systems of notation, giving the same formal results, one 
of which gives them with self-evident force and meaning, the other by dark 
and symbolic processes. The burden of proof is shifted, and it must be 
for the author or supporters of the dark system to show that it is in some 
way superior to the evident system.” 


He sums up the advantages of his system, compared with Boole’s, as 
follows: "4 


“1. Every process is of self-evident nature and force, and governed by 
laws as simple and primary as those of Euclid’s axioms. 

“2. The process is infallible, and gives us no uninterpretable or anom- 
alous results. 


‘ ' : é 
‘3. The inferences may be drawn with far less labor than in Professor 


; ; 3 : 
Boole’s system, which generally requires a separate computation and 
development for each inference.”’ 


11 William Stanley Jevons (1835-1882), B.A., M.A. (London), logician and economist : 
professor of logic and mental and moral philosophy and Cobden professor of political 
economy in Owens College, Manchester, 1866-76; professor of political economy, Uni- 
versity College, London, 1876-80. 

™ Pure Logic, or the Logic of Quality apart from Quantity, p. 75. 

Ue Gide) Da C4 
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The third of these observations is not entirely warranted. Jevons 
unduly restricts the operations and methods of Boole in such wise that 
his own procedure is often cumbersome and tedious where Boole’s would 
be expeditious. Yet the honor of first pointing out the simplifications 
which have since been generally adopted in the algebra of logic belongs to 
Jevons. 

He discards Boole’s inverse operations, a — } and a/b, and he interprets 
the sum of a and b as “either a or b, where a and b are not necessarily 
exclusive classes’. (We shall symbolize this relation by a+b: Jevons has 
A+B or A-|-B.)"* Thus, for Jevons, a+ a = a, whereas for Boole ata 
is not interpretable as any relation of logical classes, and if it be taken as 
an expression in the algebra of 0 and 1, it obeys the usual arithmetical laws, 
so that a+a = 2a. As has been indicated, this is a source of much awk- 
ward procedure in Boole’s system. The Jaw a+a = a eliminates numerical 
coefficients, other than 0 and 1, and this is a most important simplification. 

Jevons supposes that the fundamental difference between himself and 
Boole is that Boole’s system, being mathematical, is a calculus of things 
taken in their logical extension, while his own system, being “pure logic”’, 
is a calculus of terms in intension. It is true that mathematics requires 
that classes be taken in extension, but it is not true that the calculus of 
logic either requires or derives important advantage from the point of view 
of intension. Since Jevons’s system can be interpreted in extension without 
the slightest difficulty, we shall ignore this supposed difference. 

The fundamental ideas of the system are as follows: 


(1) ab denotes that which is both a and bd, or (in intension) the sum 
of the meanings of the two terms combined. 

(2) a+b denotes that which is either a or b or both, or (in intension) a 
term with one of two meanings.'® 

(3) a=b ais identical with 6, or (in intension) a means the same as b. 

(4) -b Not-b, the negative of b, symbolized in Boole’s system by 
il = b 116 

(5) 0 According to Jevons, 0 indicates that which is contradictory or 
“excluded from thought’. He prefers it to appear as a factor rather than 


14 4 + Bin Pure Logic; A’ |° Bin the other papers. (See Bibl.) 

16 Jevons would add “but it is not known which”, (See Pure Logic, p. 25.) But 
this is hardly correct; it makes no difference if it 7s known which, since the meaning of 
a+b does not depend on the state of our knowledge. Perhaps a better qualification would 
be “but it is not specified which”. 

16 Jeyons uses capital roman letters for positive terms and the corresponding small 
italics for their negatives. Following De Morgan, he calls A and a “contrary” terms. 
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by itself? The meaning given Is a proper interpretation of the symbol in 
intension. Its meaning in extension is the null-class or “nothing”’, as with 
Boole. 

Jevons does not use any symbol for the “universe”, but writes out the 
“logical alphabet”. This “logical alphabet”, for any number n of ele- 
ments, a, b,c, ..-, consists of the 2" terms which, in Boole’s system, form 
the constituents of the expansion of 1. Thus, for two elements, a and Bb, 
the “logical alphabet” consists of ab, a-b, -ab, and -a-b. For three 
terms, 2, 7/, &, it consists of yz, @ yz, U-y2, V-y-z, Ly -z, -—e-yz, and 
-x-y-z. Jevons usually writes these in a column instead of adding them 
and putting the sum = 1. Thus the absence of 1 from his system is simply 
a whim and represents no real difference from Boole’s procedure. 

The fundamental laws of the system of Jevons are as follows: 


(1) Ifa=6 and 6 =c, then @=c. 

(2) ab = ba. 

(3) aa=a, 

(4) a-a = 0. 

(5) atb = beta. 

(6) ata =a. 

(7) a+0 =a. This law is made use of but is not stated. 

(8S) a(b+c) = abtac and (atb)(c+d) =actadtberbd. 

(9) atab =a. This law, since called the “law of absorption”’, allows 
a direct simplification which is not possible in Boole. Its analogue for 
multiplication 


a(a+b) =a 


follows from (8), (3), and (9). The law of absorption extends to any 
number of terms, so that we have also 


atabtactabdt+... =a 


(10) a = a(b+-b)(e+-c) .... This is the rule for the expansion of 
any term, a, with reference to any other terms, 0, ¢, ete. 
it gives us 


For three terms 


a= a(b+-b)(c+-c) =abctab-c+a-bet+a-b—c 


This expansion is identical with that which appears in Boole’s system, except 
for the different meaning of +. But the product of any two terms of such 
an expansion will always have a factor of the form aa, and hence, by (4), 
will be null. Thus the terms of any expansion will always represent classes 


17 See Pure Logic, pp. 31-33. 
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which are mutually exclusive. This accounts for the fact that, in spite of 
the different meaning of +, developed functions in Boole’s system and in 
Jevons’s always have the same form. 

(11) The “logical alphabet” is made up of any term plus its negative, 
a+-a. It follows immediately from this and law (10) that the logical 
alphabet for any number of terms, a, b,c, ..., will be 


(a+-a)(b+—-b)(c+-c)... 


and will have the character which we have described. It corresponds to 
the expansion of 1 in Boole’s system because it is a developed function and 
its terms are mutually exclusive. 

A procedure by which Jevons sets great store is the “substitution of 
sunilars”’, of a for b or b for a when a = b. Not only is this procedure valid 
when the expressions in which a and b occur belong to the system, but it 
holds good whatever the rational complex in which a and b stand. He 
considers this the first principle of reasoning, more fundamental than 
Aristotle’s dictum de omni et nullo'8 In this he is undoubtedly correct, 
and yet there is another principle, which underlies Aristotle’s dictum, which 
is equally fundamental—the substitution for variables of values of these 
variables. And this procedure is not reducible to any substitution of 
equivalents. 

The only copulative relation in the system is [=]; hence the expression 
of simple logical propositions is substantially the same as with Boole: 


All ais Bb: a=ab 
No ais 6: a=a-b 
Some aisb: ca=cab or CoS ab 


“U” is used to suggest “Unknown”’. 

The methods of working with this calculus are in some respects simpler 
than Boole’s, in some respects more cumbersome. But, as Jevons claims, 
they are obvious while Boole’s are not. Eliminations are of two sorts, 
“intrinsic’”’ and “extrinsic’’. Intrinsic eliminations may be performed by 
substituting for any part of one member of an equation the whole of the 
other. Thus from a = bcd, we get 


“L—Lned—qoh=—aoc =ad 
This rule follows from the principles aa = a, ab = ba, and if a = 8, 
ac =bec. For example 
If sa, =10' ed 
a-a=bedbed=bb-ce-dd =bed-d=ad. 


118 See Substitution of Similars, passim. 
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Also, in cases where a factor or a term of the form a(b+-b), or of the form 
aa, is involved, eliminations may be performed by the rules a(b + -b) =a 
and a-a = 0. 

Extrinsic elimination is that simplification or “solution” of equations 
which may occur when two or more are united. Jevons does not add or 
multiply such equations but uses them as a basis for striking out terms in 
the same “logical alphabet”’. 

This method is equivalent, in terms of current procedures, to first 
forming the expansion of 1 (which contains the terms of the logical alphabet) 
and then putting any equations given in the form in which one member 
is 0 and “subtracting” them from the expansion of 1. But Jevons did not 
hit upon the current procedures. His own is described thus: 1 


“1, Any premises being given, form a combination containing. every 
term involved therein. Change successively each simple term of this 
into its contrary [negative], so as to form all the possible combinations of 
the simple terms and their contraries. [E. g., if a, b, and ¢ are involved, 
form the “logical alphabet”’ of all the terms in the expansion of 


(a+-a)(b+ = (ce +-c).] 


“2. Combine successively each such combination [or term, as a bc,] 
with both members of a premise. When the combination forms a con- 
tradiction [an expression having a factor of the form (a-a)] with neither 
side of a premise, call it an included subject of the premise; when it forms a 
contradiction with both sides, call it an excluded subject of the premise; 
when it forms a contradiction with one side only, call it a contradictory com- 
bination or subject, and strike it out. 

“We may call an included or excluded subject a possible subject as 
distinguished from a contradictory combination or impossible subject. 

“3. Perform the same process with each premise. Then a combination 
is an included subject of a series of premises, when it is an included subject 
of any one; it is a contradictory subject when it is a contradictory subject 
of any one; it is an excluded subject when it is an excluded subject of 
every premise. 

“4, The expression of any term [as a or }] involved in the premises 
consists of all the included and excluded subjects containing the term, 
treated as alternatives [in the relation + ]. 

“5. Such expressions may be simplified by reducing all dual terms [of 

19 Pure Logic, pp. 44-46. 
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the form a(b+-b)], and by intrinsic elimination of all terms not required 
in the expression. 

“6. When it is observed that the expression of a term contains a com- 
bination which would not occur in the expression of any contrary of that 
term, we may eliminate the part of the combination common to the term 
and its expression. . . . 

“7. Unless each term of the premises and the contrary of each appear 
in one or other of the possible subjects, the premises must be deemed in- 
consistent or contradictory. Hence there must always remain at least two 
possible subjects. 

“Required by the above process the inferences of the premise a = be. 

“The possible combinations of the terms a, b, c, and their contraries 
are as given [in the column at the left, which is, for this case, the ‘logical 
alphabet’]. Each of these being combined with both sides of the premise, 
we have the following results: 


abe abe SS Os: abe — included subject 
ab-c ab-c =abe-c = 0 ab-c contradiction 
a-be a-be =ab-be = (0 a-be contradiction 
a-b-c a-b-c =ab-be-c =0 a-b-c contradiction 
-abe 0=a-abe =-abe -abe contradiction 
-ab-c O0=a-ab-c =-abe-c =0 -ab-c excluded subject 
-a-be 0=a-a-be =-ab-be =0 -a-be excluded subject 
-a -b -c 0 =a-a-b-c = -ab-be-c = 0 -a -b -c excluded subject 


“Tt appears, then, that the four combinations ab-c to -abe are to 
be struck out, and only the rest retained as possible subjects. Suppose we 
now require an expression. for the term -b as inferred from the premise 
a = bc. Select from the included and excluded subjects such as contain -b, 
namely -a-bc and -a -b -c. 

“Then -b = -a-bce+-a-b-c, but as -ae occurs only with -b, and 
not with b, its contrary, we may, by Rule 6, eliminate -b from -a-b c¢; 
hence -b = -ac+-a-b -c.” 

This method resembles nothing so much as solution by means of the 
Venn diagrams (to be explained in Chapter III). The “logical alphabet” 
is a list of the different compartments in such a diagram; those marked 
“contradiction” are the ones which would be struck out in the diagram by 
transforming the equations given into the form in which one member is 0. 
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The advantage which Jevons claims for his method, apart from its obvious- 
ness,—namely, that the solutions for different terms do not require to be 
separately performed,—is also an advantage of the diagram, which exhibits 
all the possibilities at once. 

If any problem be worked out by this method of Jevons and also that 
of Boole, it will be found that the comparison is as follows: The “logical 
alphabet” consists of the terms which when added give 1, or the universe. 
Any term marked “contradiction” will, by Boole’s method, have the coef- 
ficient 0 or 1/0; any term marked “included subject”’ will have the coef- 
ficient 1; any marked “excluded subject” will have the coefficient 0/0, or v 
where » is arbitrary. If, then, we remember that, according to Boole, 
terms with the coefficient 1/0 are equated to 0 and thus eliminated, we 
see that the two methods give substantially the same results. The single 
important difference is in Boole’s favor: the method of Jevons does not 
distinguish decisively between the coefficients 1 and v. If, for example, 
the procedure of Jevons gives x = x -y 2, Boole’s will give either x = -yz 
Ort = 9-7 2. 

One further, rather obvious, principle may be mentioned: !”° 

Any subject of a proposition remains an included, excluded, or con- 
tradictory subject, after combination with any unrelated terms. This 
means simply that, in any problem, the value of a term remains its value 
as a factor when the term is multiplied by any new terms which may be 
introduced into the problem. In a problem involving a, 6, and ¢, let 
a-bc be a “contradictory” term. Then if 2 be introduced, a-bcx and 
a-bc~x will be “contradictory”’. 

On the whole Jevons’s methods are likely to be tedious and have little 
of mathematical nicety about them. Suppose, for example, we have three 
equations involving altogether six terms. The “logical alphabet” will 
consist of sixty-four members, each of which will have to be investigated 
separately for each equation, making one hundred and ninety-two separate 
operations. Jevons has emphasized his difference from Boole to the extent 
of rejecting much that would better have been retained. It remained for 
others, notably Mrs. Ladd-Franklin and Schréder, to accept Jevons’s 
amended meaning of addition and its attendant advantages, yet retain 
Boole’s methods of development and similar methods of elimination and 
solution. But Jevons should have credit for first noting the main clue to 
this simplification—the laws a+ a = aanda+ab =a. 

120 Pure Logic, p. 48. 
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VII. Prrrce 


The contributions of C. S. Peirce!?! to symbolic logic are more numerous 
and varied than those of any other writer—at least in the nineteenth 
century. He understood how to profit by the work of his predecessors, 
Boole and De Morgan, and built upon their foundations, and he anticipated 
the most important procedures of his successors even when he did not 
work them out himself. Again and again, one finds the clue to the most 
recent developments in the writings of Peirce. These contributions may 
be summed up under three heads: (1) He improved the algebra of Boole 
by distinguishing the relations which are more characteristic of logical 
classes (such as multiplication in Boole’s algebra) from the relations which 
are more closely related to arithmetical operations (such as subtraction and 
division in Boole). The resulting algebra has certain advantages over the 
system of Jevons because it retains the mathematical methods of develop- 
ment, transformation, elimination, and solution, and certain advantages 
over the algebra of Boole because it distinguishes those operations and 
relations which are always interpretable for logical classes. Also Peirce 
introduced the “illative” relation, “is contained in’’, or “implies’’, into 
symbolic logic. (2) Following the researches of De Morgan, he made 
marked advance in the treatment of relations and relative terms. The 
method of dealing with these is made more precise and “mathematical”’, 
and the laws which govern them are related to those of Boole’s algebra of 
classes. Also the method of treating “some” and “all’’ propositions as 
sums (=) and products (II) respectively of ‘propositions’ containing 
variables was here first introduced. ‘This is the historic origin of “formal 
implication” and all that has been built upon it in the more recent develop- 
ment of the logic of mathematics. (3) Like Leibniz, he conceived symbolic 
logic to be the science of mathematical form in general, and did much to 
revive the sense of logistic proper, as we have used that term. He worked 
out in detail the derivation of various multiple algebras from the calculus 
of relatives, and he improved Boole’s method of applying symbolic logic to 
problems in probability. 

121 Charles Saunders Peirce (1839-1914), son of Benjamin Peirce, the celebrated 
mathematician, A.B. (Harvard, 1859), B.S. (Harvard, 1863), lecturer in logic at Johns 
Hopkins, 1890- ?. For a number of years, Peirce was engaged in statistical researches 
for the U. 8. Coast Survey, and was at one time head of the Department of Weights and 
Measures. His writings cover a wide variety of topics in the history of science, meta- 


physics, mathematics, astronomy, and chemistry. According to William James, his 
articles on “Some Illustrations of the Science of Logic’, Pop. Sci. Mo., 1877-78, are the 


source of pragmatism. 
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We shall take up these contributions in the order named. 

The improvement of the Boolian algebra is set forth mainly in the 
brief article, “On an Improvement in Boole’s Calculus of Logic”, and in 
two papers, “On the Algebra of Logic’’.' 

It will be remembered that Boole’s calculus has four operations, or rela- 
tions: a+b indicates the class made up of the two mutually exclusive classes, 
a and b; [—] isthe strict inverse of [+], so that if a+b = a, then a =a —); 
ax b or ab denotes the class of those things which are common to a and b; 
and division is the strict inverse of multiplication, so that if z b = a, then 
a =a/b. These relations are not homogeneous in type. Boole’s [+ ] 
and [—] have properties which approximate closely those of arithmetical 
addition and subtraction. If [nJa indicate the number of members of the 
class x, 


[nla + [n]b = [n](a+t b) 


because a and b are mutually exclusive classes, and every member of a 
is a member of (a+b) and every member of 6 is a member of (a+b). This 
relation, then, differs from arithmetical addition only by the fact that 
a and b are not necessarily to be regarded as numbers or quantities. Simi- 
larly, 

[n]a — [n]b = [n](a — b) 
But in contrast to this, for Boole’s a xb or a b, 


[nla x [n]b = [n](ab) 


will not hold except for 0 and 1: this relation is not of the type of its arith- 
metical counterpart. And the same is true of its inverse, a/b. Thus, in 
Boole’s calculus, addition and subtraction are relations of the same type 
as arithmetical addition and subtraction; but multiplication and division 
are different in type from arithmetical multiplication and division. 

Peirce rounds out the calculus of Boole by completing both sets of these 
relations, adding multiplication and division of the arithmetical type, and 
addition and subtraction of the non-arithmetical type. The general 
character of these relations is as follows: 


™ Proc. Amer. Acad., vit, 250-61. This paper will be referred to hereafter as “Boole’s 
Calculus ’’. 
128 Amer. Jour. Math., ut (1880), 15-57, and vir (1885), 180-202. These two papers 
will be referred to hereafter as Alg. Log. 1880, and Alg. Log. 1885, respectively. 
14 “ Boole’s Calculus,” pp. 250-54. : 
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A. The “Non-Arithmetical”’ or Logical Relations 


(1) a+b denotes the class of those things which are either a’s or b’s or 
both.1% 


(2) The inverse of the above, a +b, is such that if a+b =a, then 
x =atob. 

Since z and b, in a +b, need not be mutually exclusive classes, a | b is 
an ambiguous function. Suppose +b = aand all bisa. Then 


akb=aqa, and akb=a 


Thus a} b has an upper limit, a. But suppose that «+b = a and no b 
isv. Then at b coincides with a — b (a which is not 6)—i. e., 


a. b= 2, and atb=a-—b 


Thus a |} b has a lower limit, a — b, or (as we elsewhere symbolize it) 
a-b. And in any case, a | b is not interpretable unless all b is a, the 
class b contained in the class a. We may summarize all these facts by 
at-b=a-b+vab+t [0] -ab 

where »v is undetermined, and [0] indicates that the term to which it is 
prefixed must be null. 

(3) ab denotes the class of those things which are both a’s and b’s. 
This is Boole’s ab. 

(4) The inverse of the preceding, a/b such that if bx = a, then a = a/b. 
This is Boole’s a/b. 

a/b is an ambiguous function. Its upper limit is a+ -b; its lower 
limit, a.!2 It is uninterpretable unless 6 is contained in a—i. e., 


a/b = abt+v-a-b+ [0] a-b 


B. The “ Arithmetical”’ Relations 


(5) a + b denotes the class of those things which are either a’s or b’s, 
where a and b are mutually exclusive classes. This is Boole’s a+ b. 


a+b=a-b+-ab+ [OJ ab 


(6) The inverse of the preceding. a — b signifies the class “a which 
is not 6”. As has been mentioned, it coincides with the lower limit of a +b. 

(7) a X banda + bare strictly analogous to the corresponding relations 

125 Peirce indicates the logical relations by putting a comma underneath the sign of 
the relation: that which is both a and b is a, b. 


126 Peirce indicates the upper limit by a:b, the lower limit by a +b. These occur 
only in the paper “Boole’s Calculus”’. 
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of arithmetic. They have no such connection with the corresponding 
“logical” relations as do a + 6 and a — b. Peirce does not use them 
except in applying this system to probability theory. 

For the “logical” relations, the following familiar laws are stated: 127 


ata=a od =a 
atb=b+a CA) =p 

(a+b)+c = at (b+c) (able =nal De) 
(a+b)e =acthe ab+c = (at+c)(b+c) 


The last two are derived from those which precede. 

Peirce’s discussion of transformations and solutions in this system is 
inadequate. Any sufficient account would carry us quite beyond what 
he has given or suggested, and require our report to be longer than the 
original paper. We shall be content to suggest ways in which the methods 
of Boole’s calculus can be extended to functions involving those relations 
which do not appear in Boole. As has been pointed out, if any function 
be developed by Boole’s laws, 


F(x) = fC)-x+f(0)- -2, 
g(a, y) = oI, 1)-:rzy+ g(1, 0)-a-y+ 90, 1)- -x y+ o(0, 0): -x -y, 
Etc., etc., 


the terms on the right-hand side of these equations will always represent 
mutually exclusive classes. That is to say, the difference between the 
“logical” relation, +, and the “arithmetical’’ relation, +-, here vanishes. 
Thus any relation in this system of Peirce’s can be interpreted by developing 
it according to the above laws, provided that we can interpret these rela- 
tions when they appear in the coefficients. And the correct interpretation 
of these coefficients can always be discovered. 
Developing the “logical” sum, x + y, we have, 


aty = (1+1)-ry+(1+0)-x-y+ (+1): -x y+ (0+0)- -2-y 


Comparing this with the meaning of « + y given above, we find that (1+ 1) 
= 1, (1+0) = 1, 0+1) =1, and (0+0) = 0. 
Developing the “logical” difference, a kb, we have 


aby = (1 f1)-xy+ (1 +0)-e-y+(0 +1): -r y+ (0 +O): -a -y 


Comparing this with the discussion of x by above, we see that (1 +1) is 
equivalent to the undetermined coefficient v; that (1 -O) = 1; that 
27 “Boole’s Calculus,” pp. 250-53. 
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(0 -1) is equivalent to [0], which indicates that the term to which it is 
prefixed must be null, and that (0 +0) = 0. 

The interpretation of the “arithmetical” relations, X and ~, in coef- 
ficients of class-symbols is not to be attempted. These are of service only 
in probability theory, where the related symbols are numerica] in their 
significance. 

The reader does not require to be told that this system is too complicated 
to be entirely satisfactory. In the “Description of a Notation for the 
Logic of Relatives’’, all these relations except + are retained, but in later 
papers we find only the “logical” relations, a+b and a b. 

The relation of “inclusion in” or “being as small as” (which we shall 
symbolize by c)!8 appears for the first time in the “Description of a 
Notation for the Logic of Relatives”.!2° Aside from its treatment of 
relative terms and the use of the “arithmetical” relations, this monograph 
gives the laws of the logic of classes almost identically as they stand in the 
algebra of logic today. The following principles are stated.1*° 


(eliza cyvand yy C2,athenee. ce. 

(2) If acb, then there is such a term x that a+a2 = b. 

(3) If acb, then there is such a term y that by = a. 

(4) li ba =a, then aco. 

(5) If ach, (c+a) c(e+)). 

(6) If ach, caccd. 

(elite, Cb.<d.0 C07. 

(8) abca. 

(9) ~c(a+y). 

(10) a+y = yrz. 

(11) (~@t+y)+2 = 2+ (yz). 

(12) ey+2) = rytre. 

(13) 2 y = y 2, 

Cla) (ay) = a2). 

CUS dudes: Bs 

16) x=<7 = 0,15 

(17)..2+ 2 -=1. 

128 Peirce’s symbol is —< which he explains as meaning the same as = but being sim- 
pler to write. 

129 Memoirs of the Amer. Acad., n. s., 1X (1867), 317-78. 

130 “Description of a Notation for the Logic of Relatives,” loc. cit., pp. 334-35, 338-39, 


342, 
131 In this paper, not-zx is symbolized by n’, ‘different from every x,” or by o~”. 
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(18) +0 = 2. 
(19) x+1 = 1. 
(20) g(x) = o(1)-a+ ¢(0): -2. 


(21) g(x) = [¢(1) + x] [e(0) + -2]. 

(22) If g(x) = 0, ¢(1)- e(0) = 0. 

(23) If o@) = 1, 9(1)+ ¢(0) = 1. 
The last of these gives the equation of condition and the elimination re- 
sultant for equations with one member 1. Boole had stated (22), which 
is the corresponding law for equations with one member 0, but not (23). 
Most of the above laws, beyond (9), had been stated either by Boole or 
by Jevons. (1) to (9) are, of course, novel, since the relation ¢ appears 
here for the same time since Lambert. 

Later papers state further properties of the relation ¢, notably,— 


If x cy, then -y cz. 


And the methods of elimination and solution are given in terms of this 
relation.! Also, these papers extend the relation to propositions. In this ° 
interpretation, Peirce reads 2 cy, “If x is true, y is true,” but he is well 
aware of the difference between the meaning of a cy and usual significance 
of “x implies y”. He says: 1% 

“Tt is stated above that this means ‘if 2 is true, y is true’. But this 
meaning is greatly modified by the circumstance that only the actual state 
of things is referred to. . . . Now the peculiarity of the hypothetical 
proposition [ordinarily expressed by ‘if 2 is true, y is true’] is that it goes 
out beyond the actual state of things and declares what would happen were 
things other than they are or may be. The utility of this is that it puts 
us in possession of a rule, say that ‘if A is true, B is true ’, such that should 
we afterward learn something of which we are now ignorant, namely that 
A is true, then, by virtue of this rule, we shall find that we know something 
else, namely, that B is true. [In contrast to this] . . . the proposition, 
a cb, is true if a is false or if b is true, but is false if a is true while b is false. 
. . » For example, we shall see that from -(2 cy) [the negation of a cy] 
we can infer z¢z. This does not mean that because in the actual state of 
things 2 is true and y false, therefore in every state of things either z is 
false or x true; but it does mean that in whatever state of things we find x 
true and y false, in that state of things either z is false or x is true [since, 
ex hypothest, x is true anyway].” 


12 Alg. Log. 1880, see esp. § 2. 
133 Alg. Log. 1885, pp. 186-87. 
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We now call this relation, 2 ¢ y, “material implication,” and the peculiar 
theorems which are true of it are pretty well known. Peirce gives a number 
of them. They will be intelligible if the reader remember that « ¢ y means, 
“The actual state of things is not one in which a is true and y false”. 


(1) ~c(yecx). This is the familiar theorem: “A true proposition is 
implied by any proposition’’. 

(2) [(wcy) ca]cax. If “x implies y”’ implies that 2 is true, then 2 is 
true. 

(3) [(7¢y) ¢a] cx, where a is used in such a sense that (4 cy) cae 
means that from 2 cy every proposition follows. 


The difference between “material implication” and the more usual 
meaning of “implies” is a difficult topic into which we need not go at this 
time.4 But it is interesting to note that Peirce, who introduced the 
relation, understood its limitations as some of his successors have not. 

Other theorems in terms of this relation are: 


(4)8e Cn. 

(5) [ee (ycz2)] ¢ [yc (xez)]. 

(6) ec [(~cy) cy]. 

(7) (wey) ¢[(yez) ¢(acz)]. This is a fundamental law, since called 
the “Principle of the Syllogism”’. 


Peirce worked most extensively with the logic of relatives. His interest 
here reflects a sense of the importance of relative terms in the analyses of 
mathematics, and he anticipates to some extent the methods of such later 
researches as those of Peano and of Principia Mathematica. To follow 
his successive papers on this topic would probably result in complete con- 
fusion for the reader. Instead, we shall make three divisions of this entire 
subiect as treated by Peirce: (1) the modification and extension of De 
Morgan’s calculus of relatives by the introduction of a more “mathe- 
matical’? symbolism—for the most part contained in the early paper, 
“Description of a Notation for the Logic of Relatives”; (2) the calculus 
of relations, expressed without the use of exponents and in a form which 
makes it an extension of the Boolean algebra—a later development which 
may be seen at its best in “The Logic of Relatives”, Note B in the Studies 
in Logic by members of Johns Hopkins University; and (3) the systematic 
consideration of the theory of relatives, which is scattered throughout the 
papers, but has almost complete continuity. 


1344 But see below, Chap. rv, Sect. 1, and Chap. v, Sect. v. 
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The terms of the algebra of relatives may usually be regarded as simple 
relative terms, such as “ancestor”, “lover,” ete. Since they are also class 
names, they will obey all the laws of the logic of classes, which may be 
taken for granted without further discussion. But relative terms have 
additional properties which do not belong to non-relatives; and it is to 
these that our attention must be given. If w signifies “woman” and s, 
“servant,” logic is concerned not only with such relations as sw, the 
“logical product” “servant woman”, s+, the “logical sum”’ “either 
servant or woman (or both)”, and s cw, “the class ‘servants’ is contained 
in the class ‘women’,—relations which belong to class-terms in general— 
but also with the relations first symbolized by De Morgan, “servant of a 
woman,” “servant of every woman,” and “servant of none but women”’. 

We may represent “servant of a woman” by s|w.5 This is a kind of 
“multiplication” relation. It is associative, 


s|(d|w) = (s|))|w 


“Servant of a lover-of-a-woman”’ is “servant-of-a-lover of a woman”’. 
Also, it is distributive with respect to the non-relative “addition’’ symbol- 
ized by +, 

s|(m+w) =s|mts|\w 


“Servant of either a man or a woman”’ is “servant of a man or servant of 
awoman”’. But it isnot commutative: s|lis not /|s, “servant of a lover” 
is not equivalent to “lover of a servant’. To distinguish s|w from s w, 
or s xw—the class of those who are both servants and women—we shall 
call s|w the relative product of s and w. 

For “servant of every woman” Peirce proposed s”, and for “servant 
of none but women” *w. As we shall see, this notation is suggested by 
certain mathematical analogies. We may represent individual members 
of the class w as Wi, W2, Ws, etc., and the class of all the W’s as W, + W, 
+Ws;+.,.. Remembering the interpretation of +, we may write 


w= Wy+Wet+Wy+... 


and this means, “The class-term, w, denotes W, or W. or Wig Ole 


that is, w denotes an unspecified member of the class of W’s. The servant 
of a (some, any) woman is, then, s| vw. 


s|w = 3|(Wit+Wet+Wst+...) =8 


Wi+s|Wets|War... 
“A woman” is either W W. or W 4c Moa 4 & 
s euther Wy or W. or Ws, etc.; “servant of a woman” is either 


“6 Peirce’s notation for this is sw; he uses s, w for the simple logical product. 
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servant of W, or servant of W» or servant of W3, etc. Similarly, “servant 
of every woman” is servant of W, and servant of W, and servant of Ws, 
etc.; or remembering the interpretation of x, 


se = g (Wi W2+Wa+---) = (s| W) x (s| We) x (s| Ws) xe 
where, of course, s|W, represents the relative product, “s of W,,” and x 
represents the non-relative logical product translated by “and”. The 


above can be more briefly symbolized, following the obvious mathematical 
analogies, 


w= =zWw 
s|w = Zy(s|W) 
go-= I1,,(9| WV) 


Unless w represent a null class, we shall have 
To(s|W)cz.(s|W), or svecs|w 


The class “servants of every woman”’ is contained in the class “servants 
of a woman”. This law has numerous consequences, some of which are: 


(I|s)” ¢ (I|s|w) 
A lover of a servant of all women is a lover of a servant of a woman. 
Ie’ c(I|s)¥ 
A lover of every servant-of-all-women stands to every woman in the rela- 
tion of lover-of-a-servant of hers (unless the class s” be null). 
Lele ele|w 
A lover of every servant-of-a-woman stands to a (some) woman in the 


relation of lover-of-a-servant of hers. 
From the general principle,‘ 


m| (I, f(x)] ¢1,[m|f(z)] 


136 The proof of this theorem is as follows: 


@=abe.,..tab0-c...+a-vc...+..., 
. e . . 
or a =abc...+P, where P is the sum of the remaining terms. 


Whence, if O represent any relation distributive with respect to +, 


mOa=mOabc...+mOP 


Similarly, mOb=mOabc...+mOQ 
mOc =mOabc...+mOR 
Ktc., ete. 


Now let a, 6, c, etc., be respectively f(m), f(v), f(s), etc., and multiply together all 
the above equations. On the left side, we have 


[m Of (a1) ] [mm Of (a2) [mn Of (as) ]. - « 
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we have also, 
1| [11.»(s|w)] ¢ Hold] s) | w], or Ilse e(|s)” 
A lover of a (some) servant-of-every-woman stands to every woman in the 


relation of lover-of-a-servant of hers. 
We have also the general formulae of inclusion, 


liticemithena cs 
and, | If ¢ cw, then /’ cl? 


The first of these means: If all lovers are servants, then a lover of every 
woman is also a servant of every woman. The second means: If all servants 
are women, then a lover of every woman is also a lover of every servant. 
These laws are, of course, general. We have also: '°7 


(I|s)|w = 1|(s|w) 
(eye = Delo) 
Ite = [exe 


The last of these is read: A lover of every person who is either a servant 
or a woman is a lover of every servant and a lover of every woman. An 


(z3 


interesting law which remainds us of Lambert’s “ Newtonian formula”’ is, 


(l+s)” = [+ 5, (1°29 x52) + 8¥ 


One who is either-lover-or-servant of every woman, is either lover of every 
woman or, for some portion g of the class women, is lover of every woman 
except members of g and servant of every member of gq, or, finally, is servant 
of every woman. Peirce also gives this law in a form which approximates 
even more closely the binomial theorem. The corresponding law for the 
product is simpler, 
(Txs)e = I x5 

which is 

Tz [m Of (x)] 
On the right side, we have 

(mOabe...) +(mOP) + (mOQ) +(mOR) +..., or (mOabe...)+K 
where K is a sum of other terms. 
But (mOabec...) is mO[f(a) x f(a) x f(xs)...], which is 
AKON yl) 


Hence [mOI f(«)]+K = I, [mOf(a)]. 

Hence mOII f(x) ¢l,[mOf(x)]. 
Peirce does not prove this theorem, but illustrates it briefly for logical multiplication (see 
“Description of a Notation’’, p. 346). 

137 “Description of a Notation, p. 334. 


The Development of Symbolic Logic 89 


One who is both-lover-and-servant of every woman, is both a lover of every 
woman and a servant of every woman. 

Peirce introduces a fourth term, and summarizes in a diagram the inclu- 
sion relations obtained by extending the formulae already given.38 The 
number of such inclusions, for four relatives, is somewhat more than one 
hundred eighty. He challenges the reader to accomplish the precise 
formulation of these by means of ordinary language and formal logic. 

An s of none but members of w, Peirce symbolizes by *‘w. He calls this 
operation “backward involution”’, and relatives of the type ‘w he refers to 
as “infinitesimal relatives’’, on account of an extended and difficult mathe- 
matical analogy which he presents.'*? The laws of this relation are analo- 
gous to those of s¥. 


If scw, then ’s ¢’w 


If all servants are women, then a lover of none but servants is lover of none 
but women. 


If lcs, then ‘we w 


If all lovers are servants, then a servant of none but women is a lover of 
none but women. 


1(sy) = (lls) 


The lovers of none but servants-of-none-but-women are the lovers-of- 
servants of none but women. 


sy = lw x sw 


Those who are either-lovers-or-servants of none but women are those who 
are lovers of none but women and servants of none but women. 


5(w xv) = wx 


The servants of none but those who are both women and violinists are 
those who are servants of none but women and servants of none but vio- 
linists. 

C9wye Cw 
Whoever is lover-of-a-servant of none but women is a lover-of-every- 
servant of none but women. 

I} swe dw 


A lover of one who is servant to none but women is a lover-of-none-but- 
servants to none but women. 
sw e'(s|w) 
138 Thid., p. 347. 
139 Tbid., pp. 348 ff. 
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Whoever stands to a woman in the relation of lover-of-nothing-but-servants 
of hers is a lover of nothing but servants of women. 
The two kinds of involution are connected by the laws: 


(Senay 
A lover of none but those who are servants of every woman is the same as 
one who stands to every woman in the relation of a lover of none but 
servants of hers. 

lo = aio ey 
Lover of none but servants is non-lover of every non-servant. It appears 
from this last that 2” and “y are connected through negation: 


-(Is) = -l|s, Nota lover of every servant is non-lover of a servant. 

-('s) = 1|=s, Not a lover of none but servants is lover of a non- 
servant. 

l-s = -(J|s) =-l*, A lover of none but non-servants is one who is 


not lover-of-a-servant, a non-lover of every servant. 

-lg = -(-1|-s) = I-*, A non-lover of none but servants is one who is 
not a non-lover-of-a-non-servant, a lover of every non-servant. 

We have the further laws governing negatives: '*! 


-[(1 xs)*] = -(9) +-6") 
SIs x70) a=" = (73) = (200) 
(450) = =(ho) + =(°w) 
~(I¥) =~) #-(0%) 

In the early paper, “On the Description of a Notation for the Logie 
of Relatives”, negatives are treated in a curious fashion. A symbol is 
used for “different from” and the negative of s is represented by 1°, “differ- 
ent from every s”’. Converses are barely mentioned in this study. In the 
paper of 1880, converses and negatives appear in their usual notation, 
“relative addition” is brought in to balance “relative multiplication”, and 
the two kinds of involution are retained. But in “The Logic of Relatives” 
in the Johns Hopkins Studies in Logic, published in 1882, involution has 
disappeared, converses and negatives and “relative addition” are retained. 
This last represents the final form of Peirce’s calculus of relatives. We 
have here, 


(1) "Relative terms, a, bya. ay, 2 
(2) The negative of a, -2. 


40 See ibid., p. 353. Not-x is here symbolized by (1 — 2). 
41 Alg. Log. 1880, p. 55. 
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(3) The converse of 2, vz. Ifa is “lover”, vx is “beloved”’; if vz is 
“lover”, x is “beloved’’. 

(4) Non-relative addition, a+b, “either a or b’’. 

(5) Non-relative multiplication, a xb, or ab, “both a and b”’. 

(6) Relative multiplication, a|b, “a of a b”. 

(7) Relative addition, a t b, “a of everything but b’s, a of every non-b ”. 

(8) The relations = and c, as before. 

(9) The universal relation, 1, “consistent with,” which pairs every 
term with itself and with every other. 

(10) The null-relation, 0, the negative of 1. 

(11) The relation “identical with”, J, which pairs every term with 
itself. 

(12) The relation “different from’, N, which pairs any term with 
every other term which is distinct.!” 


In terms of these, the fundamental laws of the calculus, in addition to 
those which hold for class-terms in general, are as follows: 

(1) v(va) = a4 

(2) -(va) = v(-a) 

(3) (acb) = (ub c va) 

(4) If acb, then (alr) ¢(b|x) and (x|a) ¢ (2/0). 

(Olin Gos then (aie) cto ts) and (2 i.a)'c aT b). 

(6) x|(a|b) = (a) |b 

Civeer cary n(cet a) tO 

(8) a|(a tb) e(x|a) tb 

O\wGt bye ca 1 (bz) 

(10) (alx) + (b|2) ¢ (a+b) |e 

(ityeni(a tb) clan ate T 0) 

(12) (a+b) x ¢ (ala) + (6[2) 

(13) (atz)(b tx) c(a|b) ta 

(14) -(a tb) = -a|-b 

(15) -(a|b) = -a tb 

(16) v-(at+b) = vat vb 

(17) -(ab) = va wb 

(18) v(a tb) = va t ub 

(19) -(a|b) = va|vb 

For the relations 1, 0, J, and N, the following additional formulae are 
given: 


12 T have altered Peirce’s notation, as the reader may see by comparison. 
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(20) Oca (21) acl 

(22) +0 =2 (23) z1=2 

(24) e+1=1 (25) 2-0 = 0 

(26) ¢t1=1 (27) z|0 = 0 

(28) 1te =1 (29) Ola = 0 

(30) aN = ¢ (81) 2|1 = 

(2 Nee (Say lice 

(34) a+-7 = 1 (385) x-% = 0 
(36) Te[z t ¥(-2)] (37) [x|¥(-2)] ¢N 


This calculus is, as Peirce says, highly multiform, and no general prin- 
ciples of solution and elimination can be laid down.'* Not only the variety 
of relations, but the lack of symmetry between relative multiplication and 
relative addition, e. g., in (10)-(13) above, contributes to this multiformity. 
But, as we now know, the chief value of any calculus of relatives is not in 
any elimination or solution of the algebraic type, but in deductions to be 
made directly from its formulae. Peirce’s devices for solution are, there- 
fore, of much less importance than is the theoretic foundation upon which 
his calculus of relatives is built. It is this which has proved useful in later 
research and has been made the basis of valuable additions to logistic 
development. 

This theory is practically unmodified throughout the papers dealing 
with relatives, as a comparison of “ Description of a Notation for the Logic 
of Relatives” with “The Logic of Relatives” in the Johns Hopkins studies 
and with the paper of 1884 will indicate. 

“Tndividual”’ or “elementary’’ relatives are the pairs (or triads, etc.) 
of individual things. If the objects in the universe of discourse be A, B, C: 
etc., then the individual relatives will constitute the two-dimensional array, 


eA OA Re eds UAT ere 
DeeA so Bena eG. he) aa 
Cm Ar. Clee Get. mw De 
... Kte., ete. 
It will be noted that any individual thing coupled with itself is an individual 


relative but that in general 4 : B differs from B : A—individual relatives 
are ordered couples. 


A general relative is conceived as an aggregate or logical sum of such 


43 “Logic of Relatives” in Studies in Logic by members of Johns Hopkins University, 
p. 1938. 
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individual relatives. If b represent “benefactor’’, then 
b= 227d) * J), 

where (b);; is a numerical coefficient whose value is 1 in case I is a bene- 
factor of J, and otherwise 0, and where the sums are to be taken for all the 
individuals in the universe. That is to say, b is the logical sum of all the 
benefactor-benefitted pairs in the universe. This is the first formulation 
of “definition in extension”, now widely used in logistic, though seldom in 
exactly this form. By this definition, b is the aggregate of all the individual 
relatives in our two-dimensional array which do not drop out through having 
the coefficient 0. It is some expression of the form, 


ROC cmos. WAP Ge Vapre ne 


If, now, we consider the logical meaning of +, we see that this may be read, 
| Oiseither (XY), or (X= Y)yor (2); or). Tosay that 6 repre- 
sents the class of benefactor-benefitted couples is, then, inexact: b repre- 
sents an unspecified individual relative, any one of this class. (That it 
should represent ““some” in a sense which denotes more than one at once— 
which the meaning of + in the general case admits—is precluded by the 
fact that any two distinct individual relatives are ipso facto mutually 
exclusive.) A general relative, so defined, is what Mr. Russell calls a 
“real variable’’. Peirce discusses the idea of such a variable in a most 
illuminating fashion.' 

“Demonstration of the sort called mathematical is founded on suppo- 
sition of particular cases. The geometrician draws a figure; the algebraist 
assumes a letter to signify a certain quantity fulfilling the required condi- 
tions. But while the mathematician supposes a particular case, his hypoth- 
esis is yet perfectly general, because he considers no characters of the 
individual case but those which must belong to every such case. The ad- 
vantage of his procedure lies in the fact that the logical laws of individual 
terms are simpler than those which relate to general terms, because indi- 
viduals are either identical or mutually exclusive, and cannot intersect or 
be subordinated to one another as classes can... . 

“The old logics distinguish between individuum signatum and indi- 
viduum vagum. ‘Julius Caesar’ is an example of the former; ‘a certain 
man’, of the latter. The individwum vaguwm, in the days when such con- 
ceptions were exactly investigated, occasioned great difficulty from its 
having a certain generality, being capable, apparently, of logical division. 


14 “Description of a Notation, pp. 342-44. 
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If we include under individwum vagum such a term as ‘any individual 
man’, these difficulties appear in a strong light, for what is true of any 
individual man is true of all men. Such a term is in one sense not an 
individual term; for it represents every man. But it represents each man 
as capable of being denoted by a term which is individual; and so, though 
it is not itself an individual term, it stands for any one of a class of such 
terms. . . . The letters which the mathematician uses (whether in algebra 
or in geometry) are such individuals by second intention. . . . All the 
formal logical laws relating to individuals will hold good of such individuals 
by second intention, and at the same time a universal proposition may be 
substituted for a proposition about such an individual, for nothing can be 
predicated of such an individual which cannot be predicated of the whole 
class.” 

The relative b, denoting ambiguously any one of the benefactor-bene- 
fitted pairs in the universe, is such an individual by second intention. 
It is defined by means of the “propositional function’’, “J benefits J”’, 
as the logical sum of the (J : J) couples for which “J benefits J”’ is true. 
The compound relations of the calculus can be similarly defined. 


livar= Did;(a) (1 : J); and 6 = D:2,;(b) 3; : ob . 
then a+b = 2,2,{(a)i;+ (b)i)C : J) 
That is, if “agent” is the logical sum of all the (I : J) couples for which 
“T is agent of J” is true, and “benefactor” is the sum of all the (I : J) 
couples for which “I benefits J”’ is true, then “either agent or benefactor’”’ 
is the logical sum of all the (J : J) couples for which “Either J is agent of 
J or I benefits J” is true. We might indicate the same facts more simply 
by defining only the “propositional function”, (a + b);;.1% 
(a+ b)i; = is (Di; 
The definition of a+b given above, follows immediately from this simpler 
equation. The definitions of the other compound relations are similar: 
(a xb)is = (@)iz x (D) a; 
or axb = 3,2,[(a)i; x (b).](I : J) 
“Both agent and benefactor” is the logical sum of the (I: J) couples for 
which “T is agent of J and I is benefactor of J” is true. 
(a|b)iz = Eal(a)in * (b)a3} 


or ab = BsB,[2,{(a)in x (b)as} (I : J) 
45 See “Logic of Relatives’’, loc, cit., p. 188. 
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“Agent of a benefactor” is the logical sum of all the (J : J) couples such 
that, for some H, “I is agent of H and H is benefactor of J” is true. 

There are two difficulties in the comprehension of this last. The first 
concerns the meaning of “agent of a benefactor”. Peirce, like De Morgan, 
treats his relatives as denoting ambiguously either the relation itself or 
the things which have the relation—either relations or relative terms. 
a is either the relation “agent of” or the class name “agent”. Now note 
that the class name denotes the first term in the pairs which have the 
relation. With this in mind, the compound relation, a|b, will become 
clear. “Agent of a benefactor’? names the I’s in the I: J pairs which 
make up the field of the relation, “agent of a benefactor of”. Any reference 
to the J’s at the other end of the relation is gone, just as ‘agent’? omits 
any reference to the J’s in the field of the relation “agent of”. The second 
difficulty concerns the operator, 2, which we have read, “For some H”’. 
Consider any statement involving a “propositional function’’, gz, where z 
is the variable representing the individual of which ¢ is asserted. 


2292 = gL, + gly + gZ3+ 206 


That is, 2.¢2 symbolizes “Either ¢ is true of Z; or ¢ is true of Z, or ¢ is 
true of Z; or ...’, and this is most simply expressed by “For some z (some 
z or other), gz”. In the particular case in hand, ¢z is (a)ian x (b);;, “J is 
agent of H and H is benefactor of J”. The terms, J and J, which stand in 
the relation “J is agent of a benefactor of J”’, are those for which there is 
some H or other such that I is agent of H and H is benefactor of J. 

Suppose we consider any “propositional function”’, gz with the oper- 
ator II. 

Il,gz = ¢Z,%* plex ol3%... 


That is, I.¢z symbolizes “ ¢ is true of Z; and ¢ is true of Z, and ¢ is true 
of Z; and ...”, or “g is true for every 2”. This operator is needed in the 
definition of a T b. 
(a t b)i; = Wat (@)in+ ()ai} 
“Tis agent of everyone but benefactors of J” is equivalent to “For every 1, 
either J is agent of H or H is benefactor of J”’. 
at = 2.2 {Mi {@at Oa]Z : J) 
“ Agent of all non-benefactors”’ is the logical sum of all the (I : J) couples 


such that, for every H, either I is agent of H or H is benefactor of J. The 
same considerations about the ambiguity of relatives—denoting either the 
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relation itself or those things which are first terms of the relation—applies 
in this case also. We need not, for the relations still to be discussed, con- 
sider the step from the definition of the compound “propositional func- 
tions”, (a t b);; in the above, to the definition of the corresponding relation, 
atb. This step is always taken in exactly the same way. 

The converse, converse of the negative, and negative of the converse, 
are very simply defined. 

(vb) is = (D) ii 
[+(-b)]is = (-b) is 
[-(vb)]3 = -() 
That the negative of the converse is the converse of the negative follows 
from the obvious fact that -(b);; = (-b) ji. 

All the formulae of the calculus of relatives, beyond those which belong 
also to the calculus of non-relative terms,!“ may be proved from such 
definitions. For example: 

To prove, v(at+b) = vat vb 
vat b)is = (a+b) = (Mit (D)ix 
But (a); = (va)i;, and (6); = (vb); 


Hence v(a+b)i; = (vais + (bd) i; 


Hence 2;2;{-(a+ b)i;} : J) = 2:2; {(va)iy+ (4b)i}(: J) QED. 

For the complete development of this theory, there must be a discussion 
of the laws which govern such expressions as (a) ;;, or in general, expressions 
of the form gaz, where gz is a statement which involves a variable, 2, and ox 
is either true or false whenever any individual value of the variable is 
specified. Such expressions are now called “propositional functions’’.447 
(a);, or in the more convenient notation, ¢gv, is a propositional function of 
one variable; (qa)i;, or g(a, y), may be regarded as a propositional function 
of two variables, or as a function of the single variable, the individual rela- 
tiven( Leys) poten aint, 

This theory of propositional functions is stated in the paper of 1885, 
‘On the Algebra of Logic”. It is assumed, as also in earlier papers, that 
he laws of the algebra of classes hold for propositions as well.‘8 The 
dditional law which propositions obey is stated here for the first time. 


“6 The formulae of the calculus of classes can also be derived from these, considered as 
themselves laws of the calculus of propositions (see below, Chap. v1, See. rv). 


47 Peirce has no name for such expressions, though he discusses their properties acutely 
(see Alg. Log. 1880, § 2). 


48 This assumption first appears in Alg. Log. 1880. 
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The current form of this law is “If « + 0, then x = 1’’,—which gives 
immediately “If « = 1, then « = 0”—“If x is not false, then z is true, 
and if x is not true, then z is false”. Peirce uses v and f for “true” and 
“false”, instead of 1 and 0, and the law is stated in the form 


(x —f)(v—2) =0 


But the calculus of propositional functions, though derived from the 
algebra for propositions, is not identical with it. “a is a man” is neither 
true nor false. A propositional function may be true in some cases, false 
in some cases. “If x is a man, then z is a mortal”’ is true in all cases, or 
true of any x; “x is a man”’ is true in some cases, or true for some values 
of z. For reasons already suggested, 


VeGl = OX, + OXot* OXzt... 


Y,¢gx represents “gr is true for some value of the variable, z—that is, 
either gx; is true or gz is true or gz; is true or...’ Similarly, 
Il,gr = gi, X 92% gtz%... 


¢ 


Il,gr represents “ge is true for all values of the variable, x—that is, 


gar; is true and ¢g, is true and ga; is true and...” 
If (a),,, or more conveniently, g(x, y), represent “a is agent of y”’, 


“ec 


and (b),,, or more conveniently, ¥(z, y), mean 
I,Z¢(z, y) x ¥(z, y)] 


will mean that for all values of and some values of y, “x is agent of y 


x is benefactor of y’’, then 


and z is benefactor of y”’ is true—that is, it represents the proposition 
“Everyone is both agent and benefactor of someone”. This will appear 
if we expand 11,2,[ ¢(z, y) x v(x, y)|: 
IZ, ¢(x, y) x v(x, y)] 
= {[e(ri, ys) x ¥(21, ys) + [e@1, Yo) *¥(e1, Yo) +... 
x {[e(x2, ys) x W(x2, ys)] + [G(@2, Yo) XW(@z, Yo) ] +... 
x {[e(as, yi) ¥W(ea, ys)] +l e(es, Yo) XV (as, Y2)] +... 
x... Etce., ete. 


ee 


This expression reads directly “ {Hither [a1 is agent of y, and 2, is bene- 

factor of y;] or [x; is agent of y2 and 2; is benefactor of y2] or .. .} and {either 

[ro is agent of y; and 22 is benefactor of y;] or [x2 is agent of y2 and x is bene- 

factor of y2] or. . .} and {either [xz is agent of y; and 2; is benefactor of 

yi] or [23 is agent of yz and z; is benefactor of ys] or...} and... Ete., ete”. 
8 
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The operator D, which is nearer the argument, or “Boolian” as Peirce calls 
it, indicates the operation, +, within the lines. The outside operator, I, 
indicates the operation, x, between the lines—i. e., in the columns; and 
the subscript of the operator nearer the Boolian indicates the letter which 
varies within the lines, the subscript of the outside operator, the letter 
which varies from line to line. Three operators would give a three-dimen- 
sional array. With a little patience, the reader may learn to interpret 
any such expression directly from the meaning of simple logical sums and 
logical products. For example, with the same meanings of ¢(z, y) and 
¥(x, Y); 
TZ Le(x, y) x vy, x)] 


will mean “Everyone (x) is agent of some (y) benefactor of himself”’. 
(Note the order of the variables in the Boolian.) And 


Daryll] o(x, 2) oF ¥ (2; y)] 
will symbolize “There is some x and some y such that, for every z, either 
x is agent of z or z is benefactor of y’’; or, more simply, “There is some 
pair, x and y, such that x is agent of all non-benefactors of y”’. 


The laws for the manipulation of such Boolians with II and » operators 
are given as follows: 149 


“Ist. The different premises having been written with distinct indices 
(the same index not being used in two propositions) are written together, 
and all the Il’s and =’s are to be brought to the left. This can evidently be 
done, for 

I ;.Uje; = 02.2; = 
Zw Wye; = 2, ja.2; 
Vite. Bz = Didjww; 


[Or in the more convenient, and probably more familiar, notation, 


H,ege xIygy = I,I,( gx x gy) 
Zegx XMyoy = LD, ,( gx x vy) 
Zep~x XZ yoy = UzD,( gx x egy)] 

“2d. Without deranging the order of the indices of any one premise, 
the Il’s and >’s belonging to different premises may be moved relatively 
to one another, and as far as possible the D’s should be carried to the left 

49 Alg. Log. 1885, pp. 196-98. 
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of the II’s. We have 
IL l1;2;; = TL, 3; [Or, I oe, y) a IL,, g(a, y)| 
Didi = DjVidi; [Or, 222 ¢(a, y) = 2,22¢(a, y)] 
and also Dilyaey; = WjZ wy; [Or, Dell,(gu x py) = I,z.( gu x py)] 


But this formula does not hold when 7 and 7 are not separated. We do 
have, however, 


De glllgns ae Wha eas [Or, Del, v(a, y) cll,2.0(a, y)] 
It will, therefore, be well to begin by putting the >’s to the left as far as 
possible, because at a later stage of the work they can be carried to the 
right but not [always] to the left. For example, if the operators of two 
premises are II;2,II, and D,II,D., we can unite them in either of the two 
orders 
Pues llr . 
DS ee 
and shall usually obtain different conclusions accordingly. There will 
often be room for skill in choosing the most suitable arrangement. 

... “5th. The next step consists in multiplying the whole Boolian 
part, by the modification of itself produced by substituting for the index 
of any II any other index standing to the left of it in the Quantifier. Thus, 
for 

Di; (Oretor 23 ll,e(e, ys 
we can write Zl jlsliz Dall, { (2, y) * (zx, x)}] 

“6th. The next step consists in the re-manipulation of the Boolian 
part, consisting, Ist, in adding to any part any term we like; 2d, in dropping 
from any part any factor we like, and 3d, in observing that 

ae = f, “+E = v, 
so that ery +2 = 2 (vt+E+y)z =2 

“7th. II’s and »’s in the Quantifier whose indices no longer appear in 
the Boolian are dropped. 

“The fifth step will, in practice, be combined with part,of the sixth 
and seventh. Thus, from »,I,l;; we shall at once proceed to ,l;; 1f we like.” 

We may say, in general, that the procedures which are valid in this 
calculus are those which can be performed by treating 2,¢2 as a sum, 
gt + ptt gts+..., and Il,gu as a product, ga, x gt. x yx3%...; 
>,]1,¥(a, y) as a sum, for the various values of x, of products, each for 
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the various values of y, and so on. Thus this calculus may be derived from 
the calculus of propositions. But Peirce does not carry out any proofs 
of the principles of the system, and he notes that this method of proof 
would be theoretically unsound. “It is to be remarked that 2,2; and 
Il,; are only similar to a sum and a product; they are not strictly of that 
nature, because the individuals of the universe may be innumerable.” 

Another way of saying the same thing would be this: The laws of the 
calculus of propositions cannot extend to 2a; and Ia, because the extension 
of these laws to aggregates in general, by the method which the mathemati- 
cal analogies of sum and product suggest, would require the principle of 
mathematical induction, which is not sufficient for proof in case the aggre- 
gate is infinite. 

The whole of the calculus of relatives may be derived from this calculus 
of propositional functions by the methods which have been exemplified— 
that is, by representing any relation, b, as 2;2;(b):;(1 : J), and defining the 
relations, such as “converse of”, “relative-product,” ete., which dis- 
tinguish the calculus, as II and & functions of the elementary relatives. 
We need not enter into the detail of this matter, since Sections IJ and III 
of Chapter IV will develop the calculus of propositional functions by a 
modification of Peirce’s method, while Section IV of that chapter will show 
how the calculus of classes can be derived from this calculus of propositional 
functions, Section V will indicate the manner in which the calculus of rela- 
tions may be similarly derived, and Section VI will suggest how, by a 
further important modification of Peirce’s method, a theoretically adequate 
logic of mathematics may be obtained. 

It remains to consider briefly Peirce’s studies toward the derivation of 
other mathematical relations, operations, and systems from symbolic logic. 
The most important paper, in this connection, is “Upon the Logic of 
Mathematics”’."" Certain portions of the paper, “On an Improvement in 
Boole’s Calculus of Logic”, and of the monograph, “Description of a Nota- 
tion for the Logic of Relatives”’, are also of interest. 

The first-mentioned of these is concerned to show how the relations 
+, =, etc., of arithmetic can be defined in terms of the corresponding logi- 
cal relations, and the properties of arithmetical relations deduced from 
theorems concerning their logical analogues." 

“Imagine . . . a particular case under Boole’s calculus, in which the 


160 Alg. Log. 1885, p. 195. 
161 Proc. Amer. Acad., v1, 402-12. 
182 Loc. cit., pp. 410-11. 
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letters are no longer terms of first intention, but terms of second intention, 
and that of a special kind. . . . Let the letters . . . relate exclusively to 
the extension of first intensions. Let the differences of the characters of 
things and events be disregarded, and let the letters signify only the differ- 
ences of classes as wider or narrower. In other words, the only logical 
comprehension which the letters considered as terms will have is the greater 
or less divisibility of the class. Thus, n in another case of Boole’s calculus 
might, for example, denote ‘New England States’; but in the case now 
supposed, all the characters which make these states what they are, being 
neglected, it would signify only what essentially belongs to a class which 
has the same relation to higher and lower classes which the class of New 
England States has,—that is, a collection of six. 

“Tn this case, the sign of identity will receive a special meaning. For, 
if m denotes what essentially belongs to a class of the rank of ‘sides of a 
cube’, then [the logical] m = n will imply, not that every New England 
State is the side of a cube, and conversely, but that whatever essentially. 
belongs to a class of the numerical rank of ‘New England States’ essentially 
belongs to a class of the rank of ‘sides of a cube’, and conversely. Identity 
of this particular sort may be termed equality. . . .” 

If a, b, c, etc. represent thus the number of the classes, a, b, c, etc., 
then the arithmetical relations can be defined as logical relations. The 
logical relation a+b, already defined, will represent arithmetical addition: 
And from the fact that the logical + is commutative and associative, it 
will follow that the arithmetical + is so also. Arithmetical multiplication 
is more difficult to deal with but may be defined as follows: 1° 

a X b represents an event when a and b are events only if these events 
are independent of each other, in which case a X b = ab [where a b is the 
logical product]. By the events being independent is meant that it is 
possible to take two series of terms, Ai, Ae, As, etc., and By, Bs, Bs, etc., 
such that the following conditions are satisfied. (Here x denotes any 
individual or class, not nothing; Am, An, Br, By, any members of the 
two series of terms, and » A, = B, » (A B) logical sums of some of the 
A,’s, the B,’s, and the (4, B,)’s respectively.) 

Condition 1. No A,» is An 
: aN ie ke 
“ oy gout 2a) (CA Pay) 
4. a@=2A 
183 Loc. cit., p. 403. 
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Condition 5. '=2B 
rf 6. Some A,, is B, 


This definition is somewhat involved: the crux of the matter is that 
ab will, in the case described, have as many members as there are combina- 
tions of a member of a with a member of 6. Where the members of a are 
distinct (condition 1) and the members of b are distinct (condition 2), these 
combinations will be of the same multitude as the arithmetical a x 6. 

It is worthy of remark that, in respect both to addition and to multi- 
plication, Peirce has here hit upon the same fundamental ideas by means 
of which arithmetical relations are defined in Principia Mathematica. 
The “second intention” of a class term is, in Principia, Ne‘a; a+ b, in 
Peirce’s discussion, corresponds to what is there called the “arithmetical 
sum” of two logical classes, and a x b to what is called the “arithmetical 
product”. But Peirce’s discussion does not meet all the difficulties—that 
could hardly be expected in a short paper. In particular, it does not 
define the arithmetical sum in case the classes summed have members in 
common, and it does not indicate the manner of defining the nwmber of a 
class, though it does suggest exactly the mode of attack adopted in Prin- 
cupra, namely, that number be considered as a property of cardinally similar 
classes taken in extension. 

The method suggested for the derivation of the laws of various numerical 
algebras from those of the logic of relatives is more comprehensive, though 
here it is only the order of the systems which is derived from the order of 
the logic of relatives; there is no attempt to define the number or multitude 
of a class in terms of logical relations.!® 

We are here to take a closed system of elementary relatives, every 
individual in which is either a 7 or a P and none is both. 


Det czar (are) 
ot (eR) 
Dime Deal) 
tel eee) 


Suppose 7’ here represent an individual teacher, and P an individual pupil: 
the system will then be comparable to a school in which every person is 
either teacher or pupil, and none is both and every teacher teaches every 
pupil. The relative term, c, will then be defined as the relation of one 


4 See Vol. 11, Section A. 
5 “Description of a Notation, pp. 359 ff. 
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teacher to another, that is, “colleague’”’. Similarly, s is (P : P), the rela- 
tion of one pupil to another, that is, “schoolmate”. The relative term, p, 
is (P : T), the relation of any pupil to any teacher, that is, “pupil”. And 
the relative term, t, is (7: P),-the relation of any teacher to any pupil, 
that is, “teacher”. Thus from the two non-relative terms, 7 and P, are 
generated the four elementary relatives, c, s, t, and p. 

The properties of this system will be clearer if we venture upon certain 
explanations of the properties of elementary relatives—which Peirce does 
not give and to the form of which he might object. For any such relative 
(I : J), where the /’s and the J’s are distinct, we shall have three laws: 


OY OER aa 
Whatever has the (J: J) relation to a J must be an J: whoever has the 
teacher-pupil relation to a pupil must be a teacher. 
Oise 
Whatever has the teacher-pupil relation to a teacher (where teachers and 
pupils are distinct) does not exist. 
(Be) Mie = ie J) 2K 
The relation of those which have the (J : J) relation to those which have 
the (H : K) relation is the relation of those-which-have-the-( : /)-relation- 
to-an-H toa Kk. 
It is this third law which is the source of the important’ properties of 
the system. For example: 
Rie ee (Ped eae (eee P| a aa Tah) sg 
The teachers of any person’s pupils are that person’s colleagues. (Our 
illustration, to fit the system, requires that one may be his own colleague 
or his own schoolmate.) 
pico (le) he = (C7 aD) Tal = (Pat) Se 
The colleagues of one’s colleagues are one’s colleagues. 
in Cl ey ee 0 Py be (0 Dre 0 
There are no teachers of teachers in the system. 
Oise (ee ly\(P Py) = (Ph eT) Pls P= O02 P) =0 
There are no pupils of anyone’s schoolmates in the system. 


The results may be summarized in the following multiplication table, 
in which the multipliers are in the column at the right and the multiplicands 
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at the top (relative multiplication not being commutative) : 1% 


gee 
Gale Ae MU 
t 0 t 
Dias 0 
Sem Out) aes 


The symmetry of the table should be noted. The reader may easily in- 
terpret the sixteen propositions which it gives. 

To the algebra thus constituted may be added modifiers of the terms, 
symbolized by small roman letters. If f is “French”, f will be a modifier 
of the system in case French teachers have only French pupils, and vice 
versa. Such modifiers are “scalars” of the system, and any expression of 
the form 

actbt+ceptds 


where c, t, p, and s are the relatives, as above, and a, b, ¢, d are scalars, 
Peirce calls a “logical quaternion’”’. The product of a scalar with a term 
is commutative, 


bt = tb 


since this relation is that of the non-relative logical product. Inasmuch as 
any (dyadic, triadic, ete.) relative is resolvable into a logical sum of (pairs, 
triads, etc.) elementary relatives, it is plain that any general relative what- 
ever is resolvable into a sum of logical quaternions. 

If we consider a system of relatives, each of which is of the form 


aitbjgtck+dl+... 
where 2, 7, k, l, ete. are each of the form 
MUtNVtOWF... 


where m, n, 0, etc. are scalars, and wu, v, w, etc. are elementary relatives, 
we shall have a more complex algebra. By such processes of complication, 
multiple algebras of various types can be generated. In fact, Peirce says: !°7 

“T can assert, upon reasonable inductive evidence, that all such [linear 
associative] algebras can be interpreted on the principles of the present 
notation in the same way as those given above. In other words, all such 
algebras are complications and modifications of the algebra of (156) [for 
which the multiplication table has been given]. It is very likely that this 


16 Toid., p. 361. 
17 Tbid., pp. 363-64. 
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is true of all algebras whatever. The algebra of (156), which is of such a 
fundamental character in reference to pure algebra and our logical nota- 
tion, has been shown by Professor [Benjamin] Peirce to be the algebra of 
Hamilton’s quaternions.”’ 

Peirce gives the form of the four fundamental factors of quaternions and 
of scalars, tensors, vectors, etc., with their logical interpretations as relative 
terms with modifiers such as were described above. 

One more item of importance is Peirce’s modification of Boole’s calculus 
of probabilities. This is set forth with extreme brevity in the paper, “On 
an Improvement in Boole’s Calculus of Logic’”’.!®8 For the expression of 
the relations involved, we shall need to distinguish the logical relation of 
identity of two classes in extension from the relation of numerical equality. 
We may, then, express the fact that the class a has the same membership 
as the class 5, or all a’s are all b’s, by a = 5, and the fact that the number 
of members of a is the same as the number of members of b, by a = b. 
Also we must remember the distinction between the logical relations ex- 
pressed by a+b, ab, a +b, and the corresponding arithmetical relations 
expressed by a + b, a X b, and a — b. Peirce says: °° 

“Let every expression for a class have a second meaning, which is its 
meaning in a [numerical] equation. Namely, let it denote the proportion 
of individuals of that class to be found among all the individuals examined 
in the long run. 

“Then we have 

lfa=b a=b 
at+b=(a+b)+ab 

“Let b, denote the frequency of the b’s among the a’s. Then considered 
asa class, if a and b are events b, denotes the fact that if a happens b happens. 

aX ba =ab 

“Tt will be convenient to set down some obvious and fundamental proper- 
ties of the function Dg. 

GPx by = b X. ay 
(ba; Ca) = 9(0, C)a 
(1 — bla =1— de 


1 
pe eter ey 
a a 


158 Proc, Amer. Acad., vu, 255 ff. 
159 Tbid., pp. 255-56, 
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l1-—a 
aA = 1 Sara ve) 


(ga)a = (9(1))a” 


The chief points of difference between this modified calculus of prob- 
abilities and the original calculus of Boole are as follows: 

(1) Where Boole puts p, q, etc. for the “probability of a, of b, etc.”, 
in passing from the logical to the arithmetical interpretation of his equa- 
tions, Peirce simply changes the relations involved from logical relations to 
the corresponding arithmetical relations, in accordance with the foregoing, 
and lets the terms a, b, etc. stand for the frequency of the a’s, b’s, ete. 
in the system under discussion. 

(2) Boole has no symbol for the frequency of the a’s amongst the 6’s, 
which Peirce represents by a. As a result, Boole is led to treat the 
probabilities of all unconditioned simple events as independent—a pro- 
cedure which involved him in many difficulties and some errors. 

(3) Peirce has a complete set of four logical operations, and four 
analogous operations of arithmetic. This greatly facilitates the passage 
from the purely logical expression of relations of classes or events to the 
arithmetical expression of their relative frequencies or probabilities. 


Probably there is no one piece of work which would so immediately 
reward an investigator in symbolic logic as would the development of this 
calculus of probabilities in such shape as to make it simple and practicable. 
Except for a monograph by Poretsky and the studies of H. MacColl,!®° 
the subject has lain almost untouched since Peirce wrote the above in 1867. 

Peirce’s contribution to our subject is the most considerable of any up 
to his time, with the doubtful exception of Boole’s. His papers, however, 
are brief to the point of obscurity: results are given summarily with little 
or no explanation and only infrequent demonstrations. As a consequence, 
the most valuable of them make tremendously tough reading, and they 
have never received one-tenth the attention which their importance de- 
serves.’ If Peirce had been given to the pleasantly discursive style of 
De Morgan, or the detailed and clearly accurate manner of Schréder, his 
work on symbolic logic would fill several volumes. 


169 Since the above was written, a paper by Couturat, posthumously published, gives 
an unusually clear presentation of the fundamental laws of probability in terms of symbolic 
logic. See Bibl. 


*1 Any who find our report of Peirce’s work unduly difficult or obscure are earnestly 
requested to consult the original papers. 
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VIII. DEVELOPMENTS sINcE PEIRCE 


Contributions to symbolic logic which have been made since the time 
of Peirce need be mentioned only briefly. These are all accessible and in a 
form sufficiently close to current notation to be readily intelligible. Also, 
they have not been superseded, as have most of the papers so far discussed; 
consequently they are worth studying quite apart from any relation to 
later work. And finally, much of the content and method of the most 
important of them is substantially the same with what will be set forth in 
later chapters, or is such that its connection with what is there set forth 
will be pointed out. But for the sake of continuity and perspective, a 
summary account may be given of these recent developments. 

We should first mention three important pieces of work contemporary 
with Peirce’s later treatises. 

Robert Grassmann had included in his encyclopedic Wissenschaftslehre 
a book entitled Die Begriffslehre oder Logik,!* containing (1) Lehre von den 
Begriffen, (2) Lehre von den Urtheilen, and (3) Lehre von den Schliissen. 
The Begriffslehre is the second book of Die Formenlehre oder Mathematik, 
and as this would indicate, the development of logic is entirely mathematical. 
An important character of Grassmann’s procedure is the derivation of the 
laws of classes, or Begriffe, as he insists upon calling them, from the laws 
governing individuals. For example, the laws a+a =a and a-a=a, 
where a is a class, are derived from the laws e+e = e, e-e = @, €::e2 = 0, 
where ¢, €1, €2 represent individuals. This method has much to commend 
it, but it has one serious defect—the supposition that a class can be treated 
as an aggregate of individuals and the laws of such aggregates proved 
generally by mathematical induction. As Peirce has observed, this method 
breaks down when the number of individuals may be infinite. Another 
difference between Grassmann and others is the use throughout of the 
language of intension. But the method and the laws are those of extension, 
and in the later treatise, there are diagrammatic illustrations in which 
“concepts” are represented by areas. Although somewhat incomplete, in 


162 Alexander MacFarlane, Principles of the Algebra of Logic, 1879, gives a masterly 
presentation of the Boolean algebra. There are some notable extensions of Boole’s methods 
and one or two emendations, but in general it is the calculus of Boole unchanged. Mac- 
Farlane’s paper ‘On a Calculus of Relationship” (Proc. Roy. Soc. Edin., x, 224-32) re- 
sembles somewhat, in its method, Peirce’s treatment of “elementary relatives”. But 
the development of it seems never to have been continued. 

163 There are two editions, 1872 and 1890. The later is much expanded, but the plan 
and general character is the same. 
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other respects Grassmann’s calculus is not notably different from others 
which follow the Boolean tradition. 

Hugh MacColl’s first two papers on “The Calculus of Equivalent 
Statements”,! and his first paper “On Symbolical Reasoning”’,’® printed 
in 1878-80, present a calculus of propositions which has essentially the 
properties of Peirce’s, without II and > operators. In others words, it is, 
a calculus of propositions, like the Two-Valued Algebra of Logic as we know 
it today. And the date of these papers indicates that their content was 
arrived at independently of Peirce’s studies which deal with this tooic. 
In fact, MacColl writes, in 1878, that he has not seen Boole.’ 

The calculus set forth in MacColl’s book, Symbolic Logic and its 
Applications," is of an entirely different character. Here the funda- 
mental symbols represent propositional functions rather than propositions; 
and instead of the two traditional truth values, ‘‘true’’ and “false’’, we 


oN) 


have “true”, “false’’, “certain’’, “impossible” and “variable’’ (not cer- 
tain and not impossible). These are indicated by the exponents 7, 4, 6, 
n, 6 respectively. The result is a highly complex system, the fundamental 
ideas and procedures of which suggest somewhat the system of Strict 
Implication to be set forth in Chapter V. 

The calculus of Mrs. Ladd-Franklin, set forth in the paper “On the 
Algebra of Logic” in the Johns Hopkins studies,'*® differs from the other 
systems based on Boole by the use of the copula v. Where a and 6 are 
classes, a vb represents “a is-partly b”’, or “Some a is b’’, and its negative, 
av b, represents “a is-wholly-not-b”’, or “No ais 6”. Thus a vb is equiva- 
lent to ab + 0, and aVb to ab =0. These two relations can, between 
them, express any assertable relation in the algebra. acb will be a¥-b, 
and a = b is represented by the pair, (a V-b)(-a¥b). For propositions, 
av denotes that a and 6 are consistent—a does not imply that b is false 
and b does not imply that a is false. And a¥b symbolizes “a and b are 
inconsistent ’’—if a is true, b is false; if b is true, a is false. The use of the 
terms “consistent” and “inconsistent” in this connection is possibly mis- 
leading: any two true propositions or any two false propositions are con- 


164 (1) Proc. London Math. Soc., rx, 9-20; (2) ibid., rx, 177-86. 

165 Mind, v (1880), 45-60. 

166 Proc. London Math. Soc., 1x, 178. 

167 Longmans, 1906. 

68 The same volume contains an interesting and somewhat complicated system by 
O. H. Mitchell. Peirce acknowledged this paper as having shown us how to express uni- 
versal and particular propositions as II and = functions. B. I. Gilman’s study of relative 
number, also in that volume, belongs to the number of those papers which are important 
in connecting symbolic logic with the theory of probabilities, 


The Development of Symbolic Logic 109 


sistent in this sense, and any two propositions one of which is true and 
the other false are inconsistent. This is not quite the usual meaning of 
“consistent” and “inconsistent’’—it is related to what is usually meant by 
these terms exactly as the “material implication a cb is related to what 
is usually meant by “b can be inferred from a”’. 

That a given class, x, is empty, or a given proposition, 2, is false, x = 0, 
may be expressed by a V ©, where © is “everything’—in most systems 
represented by 1. That a class, y, has members, is symbolized by y v «. 
This last is of doubtful interpretation where y is a proposition, since Mrs. 
Ladd-Franklin’s system does not contain the assumption which is true 
for propositions but not for classes, usually expressed, “If x + 0, then 
% = 1, and if « = 1, then 2 = 0". xVo& may be abbreviated to rv, 
abvaxtoabv,andyvV~ toyv,cdv ~ tocd\, etc, since it is always 
understood that if one term of a relation v or V is missing, the missing 
term is ©. This convention leads to a very pretty and convenient opera- 
tion: v or V may be moved past its terms in either direction. Thus, 


(avo) = (abv) = (va b) 
and = (xVy) = (ryV) = (Vay) 
But the forms (vab) and (Vay) are never used, being redundant both 
logically and psychologically. 
Mrs. Ladd-Franklin’s system symbolizes the relations of the traditional 


logic particularly well: 


All a is b. av-b, or a-bv 
No ais Bb. avb, or aby 
Some a is b. av b, or abv 
Some a is not b. av-b, or a-byv 


Thus ¥ characterizes a universal, v a particular proposition. And any 
pair of contradictories will differ from one another simply by the difference 
between v and ¥. The syllogism, “If all a is b and all b is c, then all 


a isc,” will be represented by 
(a ¥-b)(b V-c) V (ave) 


where ¥, or v, within the parentheses is interpreted for classes, and Vv 
between the parentheses takes the propositional interpretation. This ex- 
pression may also be read, “‘All a is b and all 6 is c’ is inconsistent with 
It is equivalent to 


999 


the negative (contradictory) of ‘Some a is not ¢ 


(a V-b)(b V-c)(a v-c) Vv 
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“The three propositions, ‘All a is b’, ‘All b is c,’ and ‘Some a is not c’, 
are inconsistent—they cannot all three be true”. This expresses at once 
three syllogisms: 

(1) (a¥-b)(b V-c) Vv (a v~c) 
“Tf-all a is b and all 0 is c, then all ais ¢”’; 

(2) (aV¥-b)(av-c) Vv (b V~c) 
“Tf all ais b and some a is not c, then some 6 is not ¢”’; 

(3) (b¥-c)(av-c) Vv (a V-b) 


“Tf all b is c and some a is not c, then some a is not b”’. 
Also, this method gives a perfectly general formula for the syllogism 


(aV-b)(bVc)(ave) Vv 


where the order of the parentheses, and their position relative to the sign V 
which stands outside the parentheses, may be altered at will. This single 
rule covers all the modes and figures of the syllogism, except the illicit 
particular conclusion drawn from universal premises. We shall revert to 
this matter in Chapter ITI.'% 

The copulas v and V have several advantages over their equivalents, 
= 0 and + 0, or ¢ and its negative: (1) v and V are symmetrical rela- 
tions whose terms can always be interchanged; (2) the operation, mentioned 
above, of moving v and V with respect to their terms, accomplishes trans- 
formations which are less simply performed with other modes of expressing 
the copula; (3) for various reasons, it is psychologically simpler and more 
natural to think of logical relations in terms of v and ¥ than in terms 
of = O0and + 0. But v and V have one disadvantage as against =. 42, 
and c,—they do not so readily suggest their mathematical analogues in 
other algebras. For better or for worse, symbolic logicians rae not 
generally adopted v and Vv. 

Of the major contributions since Peirce, the first is that of Ernst Schréder. 
In his Operationskreis des Logikkalkuls (1877), Schréder pointed out that 
the logical relations expressed in Boole’s calculus by subtraction and divi- 
sion were all otherwise expressible, as Peirce had already noted. The 
meaning of + given by Boole is abandoned in favor of that which it now 
has, first introduced by Jevons. And the “law of duality ”’ 


, which con- 


nects theorems which involve the relation +, or + and 1, with corresponding 
, wit 


theorems in terms of the logical product x, or x and 0 
169 See below, pp. 188 ff. 


, 1s emphasized. 
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(This parallelism of formulae had been noted by Peirce, in his first paper, 
but not emphasized or made use of.) 

The resulting system is the algebra of logic as we know it today. This 
system is perfected and elaborated in Vorlesungen iiber die Algebra der 
Logik (1890-95). Volume I of this work covers the algebra of classes; 
Volume II the algebra of propositions; and Volume III is devoted to the 
calculus of relations. 

The algebra of classes, or as we shall call it, the Boole-Schréder algebra, 
is the system developed in the next chapter.!7° We have somewhat elabo- 
rated the theory of functions, but in all essential respects, we give the algebra 
as it appears in Schréder. There are two differences of some importance 
between Schréder’s procedure and the one we have adopted. Schréder’s 
assumptions are in terms of the relation of subsumption, ¢, instead of the 
relations of logical product and =, which appear in our postulates. And, 
second, Schréder gives and discusses the various methods of his predecessors, 
as well as those characteristically his own. 

The calculus of propositions (Aussagenkalkul) is the extension of the 
Boole-Schréder algebra to propositions by a method which differs little 
from that adopted in Chapter IV, Section I, of this book. 

The discussion of relations is based upon the work of Peirce. But 
Peirce’s methods are much more precisely formulated by Schréder, and 
the scope of the calculus is much extended. We summarize the funda- 
mental propositions which Schroder gives for the sake of comparison both 
with Peirce and with the procedure we shall adopt in Sections II and III 
of Chapter IV. 


1) A, B, C, D, E ... symbolize “elements” or individuals." These 


are distinct from one another and from 0. 
2) = A+ Be C+ D+... 


1! symbolizes the universe of individuals or the universe of discourse of 


the first order. 


3) 2,7, k, l, m, n, p, q represent any one of the elements A, B, C, D, ... 
of 15 

4) ite a Dit 

170 For an excellent summary by Schréder, see Abriss der Algebra der Logik ; ed. Dr. 


Eugen Miller, 1909-10. Parts 1 and 1, covering Vols. 1 and 11 of Schréder’s Vorlesungen, 


have so far appeared. 
171 The propositions here noted will be found in Vorlesungen tiber die Algebra der Logik, 
ut, 3-42. Many others, and much discussion of theory, have been omitted. 


1 A Survey of Symbolic Logic 


5) i :j represents any two elements, 7 and j, of 1’ ina determined order. 
6) @ =i) = ip = 72%), G+) = G:7 F929 
for every 7 and j. 
7) 4:9 +0 
Pairs of elements of 1! may be arranged in a “block”’: 


NR cb Od he ein, ob) oe ol 


BEA Bethe Dae ee) een 
8 
CSAS CRAB CeCe Cee Lene 
DARD GLa eC De) ee 


These are the “individual binary relatives”’. 

P= (A:4)+(4:B)44:0) +... 
+.B etA) Bib) +.B eC) ee 
+(C2A)+(O 2B) 4+(C: C) +... 


Did 


9) 


1? represents the universe of binary relatives. 
LORI 2 ee) = Den ty) 
9) and 10) may be summarized in a simpler notation: 
Pa 227 = AvA+ArR +A 3 C4 
+B:A+B:B+B: C+... 
+C:A+C:B+C: C+... 


+o 


11) 


12) a:7: h will symbolize an “individual ternary relative”. 
13) Vliet 22 Day hl Leni eon 

Various types of ternary relatives are 
[4 A As epee 4st et Ded ae i ee 


It is obvious that we may similarly define individual relatives of the 
fourth, fifth, . . . or any thinkable order. 
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The general form of a binary relative, a, is 
@ = Li; Giz (U2 9) 
where aj; is a coefficient whose value is 1 for those (7 : j) pairs in which 7 has 
the relation a to j, and is otherwise 0. 
1= Diz t ay] 
0 = the null class of individual binary relatives. 
DES fg) oe te) A 
N = 2 (t =): 3) 
(a.b)i; = ai; bi; (a+b)ij = aij + diy 
“aij = (-4)ig = - (ii) 
(a|b):; = Lh Ath bn; (a 1 b)i; => II, (in + bnj). 

The general laws which govern propositional functions, or Aussagen- 
schemata, such as (a b);;, Dy in bnj, Un (Qin + bn;), Ua Qij, Da Gij, etc., are as 
follows: 

A, symbolizes any statement about uw; II,A, will have the value 1 in 
case, and only in case, A, = 1 for every u; 2A, will have the value 1 if 
there is at least one wu such that A, = 1. That is to say, II,d, means 
“A. for every u’’, and 2,A, means “A, for some w”’. 

a) WeAs c A, c LeAu, -[>,Ay] c-A, c-(I.,.Ax] 

B) tae = BAe bp py. bs = A,+ Daan 
(The subscript wu, in a@ and 8, represents any value of the variable w.) 


7) —(1,A.] = Lu -A,, -(2.A,] = Il, -A, 


5) If A, is independent of wu, then II,A, = A, and 2,A, = A. 


oul Ac B,)r=s (Arclt, By); Ia cBy= C24 B) 
Cli or M,U,4ac H,) = (2d, Cll.) 
Pele GD) = (eA cD), 2 ALG Die Ale ala) 


6) Zu, v or Bu2s(A. Cxb5) ar) (ILA, Cie Bs) 


172 We write I where Schréder has 1’; N where he has 0’; (a| 6) for (a; b); (a fb) 
for (a ¢ b); -a for a; ~a for a. 


2 
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(Tale Cc Li. Dw) 


(SeAy Gorba) 


allege ba) c| I< DetAae oa 


(The reader should note that I,(A,¢ Bu) 1s “formal implication’’,—in 


Principia Mathematica, (x).gu > px.) 


) A apd ayy = Lu A Bas At Be ae Lia an B,) 
It) (Sls) (2D) = re v Ay Bs A, ap eB = Iu, wl Ag Ze B,) 
PAL, Dap Ae De, A+B, = u(A +B.) 


é) (be) GIpBs) = I, v A, inf — Ly Ay BS 
Dae of Ds = Ze, v(Au a B,) = Ly (Ay + B.) 


0) Llp Aun » Cc il, De Age v 


From these fundamental propositions, the whole theory of relations is 
developed. Though Schréder carries this much further than Peirce, the 
general outlines are those of Peirce’s calculus. Perhaps the most inter- 
esting of the new items of Schréder’s treatment are the use of “matrices”’ 
in the form of the two-dimensional array of individual binary relatives, 
and the application of the calculus of relatives to Dedekind’s theory of 
“chains ’’, as contained in Was sind und was sollen die Zahlen. 

Notable contributions to the Boole-Schréder algebra were made by 
Anton Poretsky in his three papers, Sept lots fondamentales de la théorie 
des égalités logiques (1899), Quelques lois ultériewres de la théorie des égalités 
logiques (1901), and Théorie des non-égalités logiques (1904). (With his 
earlier works, published in Russian, 1881-87, we are not familiar.) Poret- 
sky’s Law of Forms, Law of Consequences, and Law of Causes will be 
given in Chapter II. As Couturat notes, Schréder had been influenced 
overmuch by the analogies of the algebra of logic to other algebras, and 
these papers by Poretsky outline an entirely different procedure which, 
though based on the same fundamental principles, is somewhat more 
“natural’’ to logic. Poretsky’s method is the perfection of that type of 
procedure adopted by Jevons and characteristic of the use of the Venn 
diagrams. 

The work of Frege, though intrinsically important, has its historical 
interest largely through its influence upon Mr. Bertrand Russell. Although 
the Begriffsschrift (1879) and the Grundlagen der Arithmetik (1884) both 
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precede Schroder’s Vorlesungen, Frege is hardly more than mentioned 
there; and his influence upon Peano and other contributors to the Formu- 
laire is surprisingly small when one considers how closely their task is re- 
lated to his. Frege is concerned explicitly with the logic of mathematics 
but, in thorough German fashion, he pursues his analyses more and more 
deeply until we have not only a development of arithmetic of unprecedented 
rigor but a more or less complete treatise of the logico-metaphysical problems 
concerning the nature of number, the objectivity of concepts, the relations 
of concepts, symbols, and objects, and many other subtleties. In a sense, 
his fundamental problem is the Kantian one of the nature of the judgments 
involved in mathematical demonstration. Judgments are analytic, de- 
pending solely upon logical principles and definitions, or they are synthetic. 
His thesis, that mathematics can be developed wholly by analytic judg- 
ments from premises which are purely logical, is likewise the thesis of 
Russell’s Principles of Mathematics. And Frege’s Grundgesetze der Arith- 
metik, like Principia Mathematica, undertakes to establish this thesis—for 
arithmetic—by producing the required development. 

Besides the precision of notation and analysis, Frege’s work is important 
as being the first in which the nature of rigorous demonstration is suf- 
ficiently understood. His proofs proceed almost exclusively by substitu- 
tion for variables of values of those variables, and the substitution of defined 
equivalents. Frege’s notation, it must be admitted is against him: it is 
almost diagrammatic, occupying unnecessary space and carrying the eye 
here and there in a way which militates against easy understanding. It is 
probably this forbidding character of his medium, combined with the 
unprecedented demands upon the reader’s logical subtlety, which accounts 
for the neglect which his writings so long suffered. But for this, the revival 
of logistic proper might have taken place ten years earlier, and dated from 
Frege’s Grundlagen rather than Peano’s Formulaire. 

The publication, beginning in 1894, of Peano’s Formulaire de Mathé- 
matiques marks a new epoch in the history of symbolic logic. Heretofore, 
the investigation had generally been carried on from an interest in exact 
logic and its possibilities, until, as Schréder remarks, we had an elaborated 
instrument and nothing for it todo. With Peano and his collaborators, the 
situation is reversed: symbolic logic is investigated only as the instrument 
of mathematical proof. As Peano puts it: !” 

“The laws of logic contained in what follows have generally been found 

173 Formulaire, t (1901), 9. 
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by formulating, in the form of rules, the deductions which one comes upon 
in mathematical demonstrations.’ 

The immediate result of this altered point of view is a new logic, no 
less elaborate than the old—destined, in fact, to become much more elabo- 
rate—but with its elaboration determined not from abstract logical con- 
siderations or by any mathematical prettiness, but solely by the criterion 
of application. De Morgan had said that algebraists and geometers live 
in “a higher realm of syllogism”: it seems to have required the mathe- 
matical intent to complete the rescue of logic from its traditional inanities. 

The outstanding differences of the logic of Peano from that of Peirce 
and Schréder are somewhat as follows: "4 

(1) Careful enunciation of definitions and postulates, and of possible 
alternative postulates, marking an increased emphasis upon rigorous 
deductive procedure in the development of the system. 

(2) The prominence of a new relation, «¢, the relation of a member of a 
class to the class. 

(3) The prominence of the idea of a propositional function and of 
“formal implication” and “formal equivalence’, as against “material 
implication” and “material equivalence”. 

(4) Recognition of the importance of “existence”’ and of the properties 
of classes, members of classes, and so on, with reference to their “‘existence’’. 

(5) The properties of relations in general are not studied, and “relative 
addition” does not appear at all, but various special relations, prominent 
in mathematics, are treated of. 

The disappearance of the idea of relation in general is a real loss, not a 
gain. 

(6) The increasing use of substitution (for a variable of some value in 
its range) as the operation which gives proof. 

We here recognize those characteristics of symbolic logic which have 
since been increasingly emphasized. 

The publication of Principia Mathematica would seem to have deter- 
mined the direction of further investigation to follow that general direction 
indicated by the work of Frege and the Formulaire. The Principia is con- 
cerned with the same topics and from the same point of view. But we see 
here a recognition of difficulties not suggested in the Formulaire, a deeper 
and more lengthy analysis of concepts and a corresponding complexity of 
procedure. There is also more attention to the details of a rigorous 
method of proof. 


™ All these belong also to the Logica Mathematica of C. Burali Forti (Milan, 1894), 


The Development of Symbolic Logic 1a 


The method by which the mathematical logic of Principia Mathematica 
is developed will be discussed, so far as we can discuss it, in the concluding 
section of Chapter IV. We shall be especially concerned to point out the 
connection, sometimes lost sight of, between it and the older logic of Peirce 
and Schréder. And the use of this logic as an instrument of mathematical 
analysis will be a topic in the concluding chapter. 


GA HAy Pe Ei reese ed 
THE CLASSIC, OR BOOLE-SCHRODER, ALGEBRA OF LOGIC 


I. GENERAL CHARACTER OF THE ALGEBRA. THE POSTULATES AND 
THEIR INTERPRETATION E 


The algebra of logic, in its generally accepted form, is hardly old enough 
to warrant the epithet “classic”. It was founded by Boole and given its 
present form by Schroder, who incorporated into it certain emendations 
which Jevons had proposed and certain additions—particularly the relation 
“is contained in” or “implies” —which Peirce had made to Boole’s system. 
It is due to Schréder’s sound judgment that the result is still an algebra, 
simpler yet more powerful than Boole’s calculus. Jevons, in simplifying 
Boole’s system, destroyed its mathematical form; Peirce, retaining the 
mathematical form, complicated instead of simplifying the original calculus. 
Since the publication of Schréder’s Vorlesungen diber die Algebra der Logik 
certain additions and improved methods have been offered, the most notable 
of which are contained in the studies of Poretsky and in Whitehead’s Uni- 
versal Algebra. 

But if the term “classic”? is inappropriate at present, still we may 
venture to use it by way of prophecy. As Whitehead has pointed out, 
this system is a distinct species of the genus “algebra’’, differing from all 
other algebras so far discovered by its non-numerical character. It is 
certainly the simplest mathematical system with any wide range of useful 
applications, and there are indications that it will serve as the parent stem 
from which other calculuses of an important type will grow. Already sev- 
eral such have appeared. The term “classic”’ will also serve to distinguish 
the Boole-Schréder Algebra from various other calculuses of logic. Some 
of these, like the system of Mrs. Ladd-Franklin, differ through the use 
of other relations than +, x, ¢, and =, and are otherwise equivalent— 


1 For Poretsky’s studies, see Bibliography; also p. 114 above. See Whitehead’s Uni- 
versal Algebra, Bk. 11. Whitehead introduced a theory of “discriminants” and a treatment 
of existential propositions by means of umbral letters. This last, though most ingenious 
and interesting, seems to me rather too complicated for use; and I have not made use of 


Ges. aa er : On 
discriminants’’, preferring to accomplish similar results by asomewhat extended study of 
the coefficients in functions, 
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that is to say, with a “dictionary” of equivalent expressions, any theorem 
of these systems may be translated into a theorem of the Boole-Schréder 
Algebra, and vice versa. Others are mathematically equivalent as far as 
they go, but partial. And some, like the calculus of classes in Principia 
Mathematica, are logically but not mathematically equivalent. And, 
finally, there are systems such as that of Mr. MacColl’s Symbolic Logic 
which are neither mathematically nor logically equivalent. 

Postulates for the classic algebra have been given by Huntington, 
by Schréder (in the Abriss), by Del Ré, by Sheffer and by Bernstein.2. The 
set here adopted represents a modification of Huntington’s third set.® 
It has been chosen not so much for economy of assumption as for “natural- 
ness’’ and obviousness. 


Postulated: 

A class K of elements a, b, c, etc., and a relation x such that: 
1:1 If qaand 6 are elements in K, then a xb is an element in K, uniquely 
determined by a and b. 
1-2 For any element a, axa = a. 
1-3 For any elements a and b,axb = b xa. 
1-4 For any elements a, b, and c, ax(b xc) = (a xb) xe. 
1-5 There is a unique element, 0, in K such that a x0 = 0 for every ele- 
ment a. 
1:6 For every element a, there is an element, -a, such that 

1-61 Jt x2 x-a = 0, then «xo. = 2, 
and 1-62 If yxa=y and yx-a = y, then y = 0. 

The element 1 and the relations + and c do not appear in the above. 
These may be defined as follows: 
17 1 = -(0 Def. 
1-8 a+b = -(-ax-b) Def. 
1:9 acb is equivalent toaxb =a Def. 

It remains to be proved that -a is uniquely determined by a, from 
which it will follow that 1 is unique and that a+b is uniquely determined 


by a and b. 


2See Bibl. 

3See “Sets of Independent Postulates for the Algebra of Logic”, Trans. Amer. Math. 
Soc., v (1904), 288-309. Our set is got by replacing + in Huntington’s set by x, and 
replacing the second half of G, which involves 1, by its analogue with 0. Thus 1 can be 
defined, and postulates H and H omitted. Postulate J is not strictly necessary, 
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The sign of equality in the above has its usual mathematical meaning; 
i. e., {=} is a relation such that if a = y and ¢(2) is an unambiguous 
function in the system, then g(a) and ¢(y) are equivalent expressions and 
interchangeable. It follows from this that if p(x) is an ambiguous function 
in the system, and 2 = y, every determined value of w(x), expressible in 
terms of 2, is similarly expressible in terms of y. Suppose, for example, 
that -a, “negative of a’, is an ambiguous function of a. Still we may write 
-a to mean, not the function “negative of a” itself, but to mean some 
(any) determined value of that function—any one of the negatives of a— 
and if -a = b, then g(-a) and ¢(b) will be equivalent and interchangeable. 
This principle is important in the early theorems which involve negatives. 

We shall develop the algebra as an abstract mathematical system: the 
terms, a, b, c, etc., may be any entities which have the postulated properties, 
and x, +, and c may be any relations consistent with the postulates. 
But for the reader’s convenience, we give two possible applications: (1) to 
the system of all, continuous and discontinuous, regions in a plane, the 
null-region included, and (2) to the logic of classes.4 


(1) 

For the first interpretation, a xb will denote the region common to a 
and 6 (their overlapping portion or portions), and a+b will denote that 
which is either a or 6 or both. acb will represent the proposition, “Region 
a is completely contained in region b (with or without remainder)’’. 0 will 
represent the null-region, contained in every region, and 1 the plane itself, 
or the “sum” { +} ofall the regions in the plane. For any region a, -a 
will be the plane except a, all that is not-a. The postulates will then hold 
as follows: 


1-1 If a and b are regions in the plane, the region common to a and 8, 
axb, is in the plane. If a and b do not overlap, then a xb is the null- 
region, 0. 

1-2 For any region a, the region common to a and a, a xa, is a itself. 

1-3 The region common to a and 6 is the region common to b and a. 


. : ; : 
1-4 The region common to a and } xe is the region common to axb 
and c—is the region common to all three. 


1-5 The region common to any region a and the null-region, 0, is 0. 
1-6 For every region a, there is its negative, -a, the region outside or 


‘ Both of these interpretations are more fully discussed in the next chapter. 
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not contained in a, and this region is such that 


1-61 If -a and any region x have only the null-region in 

common, then the region common to x and ais 2 itself, or x is contained in a; 

and 1-62 If the region common to y and a is y, or y is contained 

in a, and the region common to y and ~a is y, or y is contained in ~a, then y 
must be the null-region which is contained in every region. 


That the definitions, ie 7, 1-8, and 1-9, hold, will be evident. 


(2)is 

For the second interpretation, a, b, c, etc., will be logical classes, taken 
in extension—that is, a = b will mean that a and 6 are classes composed of 
identically the same members. axb will represent the class of those 
things which are members of a and of b both; a+b, those things which 
are either members of a or members of b or both. acb will be the proposi- 
tion that all members of a are also members of b, or that a is contained in b 
(with or without remainder). 0 is the null-class or class of no members; 
and the convention is required that this class is contained in every class. 
1 is the “universe of discourse” or the class which contains every entity 
in the system. For any class a, -a represents the negative of a, or the class 
of all things which are not members of a. The postulates will hold as fol- 
lows: 
1-1 If aand Bb are logical classes, taken in extension, the members com- 
mon to a and 6 constitute a logical class. In case a and b have no members 
in common, this class is the null-class, 0. 
1-2 The members common to a and a constitute the class a itself. 
1-3. The members common to a and b are the same as those common to 
b and a. 
1-4 The members common to a, b, and ¢, all three, are the same, whether 
we first find the members common to b and ¢ and then those common to a 
and this class, or whether we first find the common members of a and 6 
and then those common to this class and c¢. 
1-5 The members common to any class a and the null-class are none, or 
the null-class. 
1-6 For every class a, there is its negative, -a, constituted by all members 
of the “universe of discourse’’ not contained in a, and such that: 


1-61 If -a and any class x have no members in common, 
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then all members of z are common to 2 and a, or is contained in a; 
and 1-62. If all members of any class y are common to y and a, 

and common also to y and ~a, then y must be full. 
1-7 The “universe of discourse”, “everything”, is the negative of the 
null-class, ‘nothing ” 
1-8 That which is either a or 6 or both is identical with the negative of 
that which is both not-a and not-b. 
1:9 That “a is contained in b” is equivalent to “The class a is identical 
with the common members of a and b”’. 

That the postulates are consistent is proved by these interpretations. 
In the form given, they are not independent, but they may easily be made 
so by certain alternations in the form of statement.® . 

The following abbreviations and conventions will be used in the state- 
ment and proof of theorems: 
1. axb will generally be abbreviated to ab or a:b, ax(bxc) to a (be), 
ax-(b x-c) to a-(b-c) or a--(b -c), ete. 
2. In proofs, we shall sometimes mark a lemma which has been established 
as (1), or (2), ete., and thereafter in that proof refer to the lemma by this 
number. Also, we shall sometimes write “Q.E.D.” instead of repeating 
the theorem to be proved. 
3. The principles (postulates, definitions, or previous theorems) by which 
any step in proof is taken will usually be noted by a reference in square 
brackets, thus: If x = 0, then [1-5] az =0. Reference to principles 
whose use is more or less obvious will gradually be omitted as we proceed. 
Theorems will be numbered decimally, for greater convenience in the 
insertion of theorems without alteration of other numbers. The non- 
decimal part of the number will indicate some major division of theorems, 
as 1- indicates a postulate or definition. Theorems which have this digit 
and the one immediately following the decimal point in common will be 
different forms of the same principle or otherwise closely related. 


II]. ELemMentary THErorems 
2-1 Ifa=b, then ac = be andca =cb,. 
This follows immediately from the meaning of = and 1-1. 
2:2. a = bis equivalent to the pair, acb and b ca. 
If a = b, then [1-2] ab =a and ba = b. 


*On this point, compare with Huntington’s set 
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And if ab = a and ba = 6B, then [1-3] a = ab = ba = b. 
But [1-9] ab = a is equivalent to acb and ba = b to bea. 
Equality is, then, a reciprocal inclusion relation. 
205080... 
a = a, hence [2-2] Q.E.D. 
Every element is “contained in”’ itself. 


2-4 a-a=0=-aa. 


(2) oda a. 
Hence [2-1, 1-4, 1-3] a-a = (aa) -a = a (a-a) = (a-a) a. 
Also [1-2] -a-a = -a. Hence a-a = a (-a-a) = (a-a) -a. 


But [1-62] if (a-a) a = (a-a) -a = a-a, then a-a = 0. 
And [1-3] -aa = a-a. Hence also, -aa = 0. 
Thus the product of any element into its negative is 0, and 0 is the 
modulus of the operation x. 
2:5 a-b = 0 is equivalent to ab = a and to acb. 
Ii ab=a, then [1-4-5, 2-1-4] a -b = (a b) -b =a (6 -b) 
= a:-0= 0 (1) 
And [1-61] if a-b = 0, then ab =a (2) 
By (1) and (2), a-b = 0 and ab = a are equivalent. 
And {1:9} ab =aisacb. 

We shall derive other equivalents of a cb later. The above is required 
immediately. In this proof, we have written “1-4-5” and “2-1-4” 
instead of “1-4, 1-5” and “2-1, 2-4”. This kind of abbreviation in 
references will be continued. 

ZeOeel ae CU, then, d — (), 
Tia cO; then (1-9) ¢-0 = a. But (1-5) a-0 = 0. 


| 2:7 Ifacb, then accbe, andcaccb. 


If acb, then [1-9] ab = a and [2-1] (ab)c = ae as) 
But [l-2-3-4] (@ 6) e=(6 a) e=b (ac) =(ac) b=[a (ec) b]=[(ac) ce] b 
= (ac)(cb) = (ac)(be) (2) 


Hence, by (1) and (2), ifa cb, then (ac)(be) = acand[1-9Jaccbe. 
And [1:3] ca = acandcb=bec. Hence alsocacc bd. 
2:8 -(-a) =a. 
[2-4] -(-a)--a = 0. Hence [2-5] -(-a) ca (1) 
By (1), -[-(-a)] ¢-a. Hence [2-7] a--[-(-a)] ca-a. 
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But [2-4] a-a = 0. Hence a--[-(-a)] ¢0. 
Hence [2-6] a--[-(-a)] = 0 and [2-5] a ¢-(-a) (2) 
[2-2] (1) and (2) are equivalent to -(-a) = a. 
3-1 acb is equivalent to -b c-a. 
[2-5] acb is equivalent to a-b = 0. 
And [2:8] a-b = -ba = -b-(-a). 
And -b -(-a) = 0 is equivalent to -b c-a. 

The terms of any relation ¢ may be transposed by negating both. 
If region a is contained in region b, then the portion of the plane not in b 
is contained in the portion of the plane not in a: if all a’s are b’s, all non-b’s 
are non-a’s. This theorem gives immediately, by 2-8, the two corollaries: 
3-12 ac-b is equivalent to b c-a; and 
3-13. -acb is equivalent to -b ca. 

3-2 a =b is equivalent to -a = -b. 
[2-2] a = b is equivalent to (acb and bca). 
[3-1] a cb is equivalent to -b c-a, and b ca to -ac-b. 
Hence a = b is equivalent to (-a ¢-b and -b c-a), which is equiva- 
lent to -a = -b. 

The negatives of equals are equals. By 2-8, we have also 
3:22 a =-b is equivalent to -a = b. 

Postulate 1-6 does not require that the function “negative of” be 
unambiguous. There might be more than one element in the system having 
the properties postulated of -a. Hence in the preceding theorems, -a 
must be read “any negative of a”’, -(-b) must be regarded as any one of 
the negatives of any given negative of b, and so on. Thus what has been 
proved of a, etc., has been proved to hold for every element related to a 
in the manner required by the postulate. But we can now demonstrate 


that for every element a there is one and only one element having the 
properties postulated of -a. 


3-3 -a is uniquely determined by a. 
By 1-6, there is at least one element -a for every element a. 
Suppose there is more than one: let -a; and -a, represent any two 
such. 


Then [2-8] -(-a:1) = a = -(-ay). Hence [3-2] -a, = —ap. 


Since all functions in the algebra are expressible in terms of a, b, c, ete 
. . . . . ii 
the relation x, the negative, and 0, while 0 is unique and a xb is uniquely 
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determined by a and 8, it follows from 3-3 that all functions in the algebra 
are unambiguously determined when the elements involved are specified. 
(This would not be true if the inverse operations of “subtraction” and 
“division’’ were admitted.) 
3-33 The element 1 is unique. 

[1-5] 0 is unique, hence [3-3] -0 is unique, and [1-7] 1 = -0. 
3:34 -1 = 0. 

[1-7] 1 = -0. Hence [3-2] Q.E.D. 
3-35 If aand b are elements in K, a +b is an element in K uniquely deter- 
mined by a and 6. 

The theorem follows from 3.3, 1-1, and 1-8. 
3-37 Ifa =b, thenat+c = b+t+candcta=crb. 

The theorem follows from 3-35 and the meaning of =. 
3-4 -(a+b) =-a-b. 

[1-8] a+b = -(-a-8). 

Hence [8-3, 2-8] -(a+b) = -[-(-a-b)] = -a-b. 

3:41 -(ab) = -a+-b. 

[1-8, 2-8] -a+-b = -[-(-a)--(-b)] = -(a). 

3:4 and 3-41 together state De Morgan’s Theorem: The negative of a 
sum is the product of the negatives of the summands; and the negative of a 
product is the sum of the negatives of its factors. The definition 1-8 is a 
form of this theorem. Still other forms follow at once from 3-4 and 3-41, 
by 2-8: 

3:42 -(-a+-b) =ab. 
Br 4300-(a4 —)) = —a Db. 
3:44 -(-a+b) =a -b. 
3-45 -(a-b) =-a+b. 
3:46 -(-ab) = a+-b. 

From De Morgan’s Theorem, together with the principle, 3-2, “The 
negatives of equals are equals”, the definition 1-7, 1 = -0, and theorem 
3-34, -1 = 0, it follows that for every theorem in terms of x there is a 
corresponding theorem in terms of +. If in any theorem, each element be 
replaced by its negative, and x and + be interchanged, the result is a 
valid theorem. The negative terms can, of course, be replaced by positive, 
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since we can suppose « = -a, y = -b, etc. Thus for every valid theorem 
in the system there is another got by interchanging the negatives 0 and 1 
and the symbols x and +. This principle is called the Law of Duality. 
This law is to be illustrated immediately by deriving from the postulates 
their correlates in terms of +. The correlate of 1-1 is 3-35, already proved. 
4:2 ata=a. 
[1-2] -a-a =-a. Hence [1-8, 3-2, 2-8)a+a=-(-a-a) = 
-(-a) = a. 
4-3 atb=b+ta. 
[1-3] -a-b = -b-a. Hence [3-2] -(-a-b) = -(-b -a). 
Hence [1-8] Q.E.D. 
4-4 a+(b+c) = (atb) +c. 
[1-4] -a (-b -c) = (-a-b) -c. 
Hence [8-2] -[-a (-b -c)] = -[(-a -b) -c]. 
But [38-46, 1-8] -[-a (-b-c)] = a+-(-b-c) = a+ (b+c). 
And [3-45, 1-8] -[(-a-b) -c] = -(-a-b) +c = (a+b) +¢. 
4-5 at+l=1. 
[1-5] -a-0 = 0. Hence [3-2] -(-a-0) = -0. 
Hence [8-46] a+-0 = -0, and [1-7] a+1 = 1. 
4-61 If-r¢+a=1, thenza =z. 
If -x+a = 1, then [3-2-34-44] e-a = -(-x+a) = -1 = 0. 
And [2-5] x-a = 0 is equivalent to xa = 2. 
4-612 If-r~+a=1, thenz+a =a. 
[4-61] If -a+a = 1, then az = a, and [3-2] -a+-x =-a (1) 
By (1) and 2-8, if -~¢+a=1,x+a =a. 
4-62 Ify+a=y and y+-a = y; then y = 1. 
If y+a = y, [8-2] -y-a = -(y+a) = -y. 
And if y+-a = y, -ya = -(y+~-a) = -y. 
But [1-62] if -ya@ = -y and -y-a = -y, -y = 0 and y = -0 = 1. 
4-8 a+-a=1=-ata. (Correlate of 2-4) 
[2-4] -aa = 0. Hence [3-2] a+-a = -(-aa) = -0 = 1. 
Thus the modulus of the operation + is 1. 
4:9 -a+b=1,a+b =b,a-b =0,ab =a, andacbareall equivalent. 
[2-5] a-b = 0, ab =a, and acb are equivalent. 
[3-2] -a+b = 1 is equivalent to a-b = -(-a+b) = -1 = 0. 
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[4-612] If -a+b =1,a+b =). 

And if a+b = b, [8-37] -a+b = -a+ (a+b) = (-at+a)+b =1+4b 
=i , 

Hence a+b = b is equivalent to -a+b = 1. 

We turn next to further principles which concern the relation c. 
5:1 Ifacb and bce, then ace. 

[1-9] a cb is equivalent to ab = a, and bec to be = b. 

Tite Deee0 ad. 0 Ce—80, 10 Cu= "(0 D)Cl=— a (biG \k=10 D =a, 

But ac = a is equivalent to acc. 

This law of the transitivity of the relation ¢ is called the Principle of 
the Syllogism. It is usually included in any set of postulates for the algebra 
which are expressed in terms of the relation c. 

5:2 abcaandadbcbd. 
(ab)a—=—a(ab) =(@a)b=ab. 
But (ab) a = ab is equivalent to ab ca. 
Similarly, (a b) b =a (bb) =ab, and abcb. 
5-21 acatband bcatb. 
[5-2] -a-b c-a and -a-b c-b. 
Hence [3-12] a ¢-(-a-b) and b c-(-a-b). 
But -(-a-b) = (a+b). 

Note that 5-2 and 5-21 are correlates by the Law of Duality. In 
general, having now deduced the fundamental properties of both x and +, 
we shall give further theorems in such pairs. 

A corollary of 5-21 is: 

5:22 abcatb. 
[5-1-2-21] 
5:3 Ifacbandccd, then accbd. 
[1-9] If acb andccd, thenab =a andcd =e. 
Hence (ac)(b d) = (ab)(cd) = ac, and accbd. 
5:31 Ifachandccd, thena+ecb+d. 
If acb and ccd, [3-1] -b c-a and -d c~c. 
Hence [5-3] -b -d ¢-a-c, and [3-1] -(-a-c) ¢-(-b -d). 
Hence [1-8] Q.E.D. 
By the laws, aa = a and a+a = a, 5-3 and 5-31 give the corollaries: 


5-32 Ifaccand bce, thenabce. 
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5-33 If acc and bce, then a+b ce. 
5-34 Ifachandace, thenacbe. 
5:35 Ifacbandace, thenacbre. 


5-37 If ach, thena+ccbrte. (Correlate of 2-7) 
[2-3] eee. Hence [5-31] Q.E.D. 
5-4 atab=a. . 
[5-21] aca+ab (1) 
[2-3] aca, and [5:2] abea. Hence [5-33] atabca (2) 


[2-2] If (1) and (2), then Q.E.D. 
5:41 a(atb) =a. 
[5-4] -a+-a-b =-a. Hence [3-2] -(-at+-a-b) = -(-a) = a. 
But [3-4] -(-a+-a-b) = a--(-a-b) = a (a+b). 
5-4 and 5-41 are the two forms of the Law of Absorption. We have 
next to prove the Distributive Law, which requires several lemmas. 
5-5 a(b+c) =abtac. 
Lemmal: abtacca(b+c). 
[5-2]}abeaand acca. Hence [5-33] ab+acca (1) 
[5-2}abcbandacce. But [5-21] bcb+candccbete. 
Hence [5:1] abcb+c and accbee. 
Hence [5:33] abtaccbh+te (2) 
[5-34] If (1) and (2), then ab+acca (b+c). 
Lemma 2: If pq is false, then there is an element x, + 0, such that 
xcep and «c-q. 
p-q is such an element, for [5-2] p-qep and p-qe-q; and 
[4-9] if p-q = 0, then p cq, hence if p cq is false, then p -q¢ + 0. 
(This lemma is introduced in order to simplify the proof of Lemma 3.) 
Lemma 3: a(b+c)cbhtae. 


Suppose this false. Then, by lemma 2, there is an element 2, 
+ 0, such that 


xca(b+c) (1) 

and xc-(b+ac) 
But [3-12] if a c-(b+ac), then b+acc-zx (2) 
[5-1] If (1), then since [5-2] a (b+ ac) ca, rca (3) 
and also, since a(b+ ac) ch+e,xcht+e (4) 


[5-1] If (2), then since [5-21] bc b+ac, b c-a and [3-12] x ¢-b (5) 
Also [5-1] if (2), then since [5-21]ac cb+ac,acc-z and [3-12] 
x c-(ac) (6) 
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From (6) and (3), it follows that x ¢c must be false; for if 2 ec 
and (3) a ca, then [5-342 cac. Butifxcacand (6) 2¢-(a0c), 
then [1-62] x = 0, which contradicts the hypothesis 2 + 0. 

But if 2 cc be false, then by lemma 2, there is an element y, + 0, 


such that 
yeu | (7) 
and y C-c, Orla. 12] cco-y (8) 
_ [5-1] If (7) and (4), then y ¢-b and [3-12] bc-y (9) 
If (8S) and (9), then [5-33] b+e c-y and [3-12] y ¢-(b +c) (10) 
If (7) and (4), then [5-1] ycbtec (11) 


[1-9] If (11), then y (b+c) = y, and if (10), y--(+ce) =y = (12) 

But if (12), then [1-62] y = 0, which contradicts the condition, 
y + 0. 

Hence the supposition—that a(b+c) cb+ac be false—is a false 
supposition, and the lemma is established. 

Lemma 4: a(b+c)cab+tac. 

By lemma 3, a (b+c¢) chtac. 
Hence [2-7] ala (b+c)] ca (b+ac). 
But a [a (b+c)] = (aa)(b+c) =a(b+tec). 
And a (b+ac) =a(ac+b). Hence a (b+c) ca (actb). 
But by lemma 3, a (ac+b) cactab. 
And ac+ab=ab+ac. Hence a(b+c) cab+ac. 

Proof of the theorem: [2-2] Lemma 1 and lemma 4 are together equiva- 

lent to a (b+c) =ab+tae. 

This method of proving the Distributive Law is taken from Huntington, 
“Sets of Independent Postulates for the Algebra of Logic”. The proof of 
the long and difficult lemma 3 is due to Peirce, who worked it out for his 
paper of 1880 but mislaid the sheets, and it was printed for the first time in 
Huntington’s paper.® 
5-51 (at+b)(c+d) = (actbce)+(adtbd). 

[5-5] (a+b)(c+d) = (a+b) c+ (ath) d = (ac+be)+(adtbd). 
5-52 atbe = (atbj(atec). (Correlate of 5-5) 
[5-51] (a+b)(a+c) = (aatba)+(actbe) 
= [(atab)+aclt+be. 
But [5-4] (a+ab)+ac=atac=a. Hence Q.E.D. 

Further theorems which are often useful in working the algebra and 

which follow readily from the preceding are as follows: 


6 See “Sets of Independent Postulates, ete.”, loc. cit., p. 300, footnote. 
10 
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5-6 a:le= a = 1 a. 
[1-5] a-0 = 0. Hence a--1 = 0. 
But [1-61] if a--1 = 0, then a-1 = a. 
Se Oleau.ci. 
[1-9] Since a=l = a, acl. 
5-62 at+0=a=O0ra. 
-a:-0 = -a-1 =-a. Hence [3-2)a+0 = -(-a--0) = -(-a) =a. 
SeOSmeO cid. 
0-a =a:0 =0. Hence [1-9] Q.E.D. 
5-64 1ca is equivalent to a = 1. 
[2-2] a = 1 is equivalent to the pair, acl and 1 ca. 
But [5-61] acl holds always. Hence Q.E.D. 
5-65 acQ0 is equivalent to a = 0. 
[2-2] a = 0 is equivalent to the pair, ac0 and Oca. 
But [5-63] 0 ca holds always. Hence Q.E.D. 
5-7 li a+b =a and a = 0, then 6/=— <2. 
lisa" O Ger bo 04D 0: 
Bel ee lind 0 =<teandsas—=" ll athentue=na. 
lige) 0.00 =— 9) “bad. 
5-72 a+b = 0 is equivalent to the two equations, a = 0 and b = 0. 
If a = 0 and b = 0, then a+b = 0+0 = 0. 
And if a+b = 0, -a-b = -(a+b) = -0 = 1. 
But if -a-b = 1, a =a-1 = a(-a-b) = (a-a) -b = 0--b = 0. 
And [5-7] if a+b = 0 and a = 0, then b = 0. 
5-73 ab = 1 is equivalent to the two equations, a = 1 and b = 1. 
Tia = (1 and bea thenva b1=91. I= iy 
And if ab = 1, -at+-b = -(ab) =-1 =0. Hence [5-72] -a = 0 
and -b = 0. 
gut [3:2] if -¢ = 0, a = 1, and if -b = 0, b = 1. 

5-7 and 5-72 are important theorems of the algebra. 5-7, “Any null 
term of a sum may be dropped’’, would hold in almost any system; but 
5-72, “If a sum is null, each of its summands is null’, is a special law 
characteristic of this algebra. It is due to the fact that the system con- 
tains no inverses with respect to + and 0. a and ~a are inverses with 
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respect to x and 0 and with respect to + and 1. 5-71 and 5-73, the 
correlates of 5-7 and 5-72, are less useful. 


Be 


5. 


8 a(b+-b) =ab+a-b =a. 
[5-5) a (b+ -b) = ab+a-b. 
And [4-8] b+-b = 1. Hence a (b+-b) = a-1 =a. 
85 atb=at-ab. 
[5-8] b = ab+-ab. 
Hence a+b = a+ (ab+-ab) = (a+ab)+a-b. 
But [5-4] at+ab =a. Hence Q.E.D. 


It will be convenient to have certain principles, already proved for two 


terms or three, in the more general form which they can be given by the 


use of mathematical induction. Where the method of such extension is 


obvious, proof will be omitted or indicated only. Since both x and + 


are associative, we can dispense with parentheses by the definitions: 


g.. 
902 abc =(ab)c Def. 


5 


5- 


UL 


UL 


901 atb+c= (atb)+e Def. 


91 a=a(b+-b)(c+-c)(d+-d)... 


[5-8] 

902 1 = (a+-a)(b+ -b)(e+-c)... 
[4-8] 

93 a=atabtactadt... 
[5-4] 

9031 a=a(atbj)(atc)(atd)... 
[5-41] 

904 a(b+ctd+...) =abtactadt... 
[5-5] 

941 atbed,.. = (at+b)(atc)(atd)... 
[5-52] 


95 -(atb+ct+...) =-a-b-c... 


If the theorem hold for n terms, so that 
—(Qy + 2+... +n) = “Aig... “An 
then it will hold for n + 1 terms, for by 3-4, 
—[(ay + dot... On) + Ongi] = “(Git Qot ... + Gn) *-Any1 
And [3-4] the theorem holds for two terms. Hence it holds for any 


number of terms. 
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5-951 -(abed...) =-at-b+-c+-d+... 
Similar proof, using 3-41. 

5:96 l=atbtct...t+-a-b-—c... 
[4-8, 5-951] 


5:97 at+b+c+... = 0 is equivalent to the set, a = 0,b =0,c =0,... 
[5-72] 

5-071 abed... = 1 is equivalent to the set,a=1,0=Le=1, ... 
[5-73] 

OS ca OCLs = 0.0 OC OnGema 
EPA GIRO MONS 9 (zee, 

5:981 a+(b+c+d+...) = (atb)+(ate)+(atd)+... 
[4-2] atatat... =a. 


The extension of De Morgan’s Theorem by 5-95 and 5-951 is especially 
important. 5-91, 5-92, and 5-93 are different forms of the principle by 
which any function may be expanded into a sum and any elements not 
originally involved in the function introduced into it. Thus any expression 
whatever may be regarded as a function of any given elements, even though 
they do not appear in the expression,—a peculiarity of the algebra. 5-92, 
the expression of the universe of discourse in any desired terms, or expansion 
of 1, is the basis of many important procedures. 

The theorems 5-91-5-981 are valid only if the number of elements 
involved be finite, since proof depends upon the principle of mathematical 
induction. 


III. GENERAL PROPERTIES OF FUNCTIONS 


We may use f(x), @(x, y), ete., to denote any expression which involves 
only members of the class A and the relations x and +. The further 
requirement that the expression represented by f(v) should involve a or 
its negative, -x, that &(x, y) should involve x or -x and y or -y, is unnecessary, 
for if x and -x do not appear in a given expression, there is an equivalent 
expression in which they do appear. By 5-91, 

a=a(et-v) =arta-u = (axt+a-z)(y+-y) 

=axryt+taxr-yta-ryta-x-y, etc. 
ax+a-x may be called the expansion, or development, of a with reference 
to x. And any or all terms of a function may be expanded with reference 


to x, the result expanded with reference to y, and so on for any elements 
and any number of elements. Hence any expression involving only ele- 
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ments in K and the relations x and + may be treated as a function of 
any elements whatever. 

If we speak of any a such that 2 = aas the “value of x”, then a value 
of x being given, the value of any function of x is determined, in this algebra 
as in any other. But functions of x in this system are of two types: (1) 
those whose value remains constant, however the value of x may vary, and 
(2) those such that any value of the function being assigned, the value of x 
is thereby determined, within limits or completely. Any function which 
is symmetrical with respect to x and -z will belong to the first of these 
classes; in general, a function which is not completely symmetrical with 
respect to z and -x will belong to, the second. But it must be remembered, 
in this connection, that a symmetrical function may not look symmetrical 
unless it be completely expanded with reference to each of the elements 
involved. For example, 

a+-ab+—-b 


is symmetrical with respect to a and -a and with respect to b and -b. Ex- 
panding the first and last terms, we have 


a (b+-b) +-ab+(at+-a)-b =abta-b+-ab+-a-b = 1 


whatever the value of a or of 6. Any function in which an element, 2, 
does not appear, but into which it is introduced by expanding, will be 
symmetrical with respect to x and -«. 

The decision what elements a given expression shall be considered a 
function of is, in this algebra, quite arbitrary except so far as it is deter- 
mined by the form of result desired. The distinction between coefficients 


s 


and “variables” or “unknowns” is not fundamental. In fact, we shall 
frequently find it convenient to treat a given expression first as a function— 
say—of x and y, then as a function of z, or of x alone. In general, coef- 
ficients will be designated by capital letters. 

The Normal Form of a Function.—Any function of one variable, f(x), 


can be given the form 
Axt+Br-ez 
c . 
where A and B are independent of x. This is the normal form of functions 
of one variable. 
6-1 Any function of one variable, f(x), is such that, for some A and some B 


which are independent of 2, 


f(x) =Ax+B-x 
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Any expression which involves only elements in the class K and 
the relations x and + will consist either of a single term—a single 
element, or elements related by x—or of a sum of such terms. Only 
four kinds of such terms are possible: (1) those which involve z, 
(2) those which involve -z, (3) those which involve both, and (4) 
those which involve neither.” 

Since the Distributive Law, 5-5, allows us to collect the coefficients 
of 2, of -a and of («-x), the most general form of such an expres- 
sion is 
paerg-vtr(a-x)+s 
where p, g, 7, and s are independent of a and -2. 
But 2-41) 2 0) 
And [5:9] s = sa+s-z. 
Hence pxt+tq-xtr(a-xv) +s = (pts) xu+(qt8) -v. 
Therefore, A = p+s, B = q +58, gives the required reduction. 
The normal form of a function of n + 1 variables, 
CMG ntin <a git pela 
may be defined as the expansion by the Distributive Law of 
Ti, Lae ae tne ek) (Piy Coe ae a) ad 
where f and f ’ are each some function of the n variables, x1, a, ... 2, and 
in the normal form. This is a “step by step”’ definition; the normal form 
of a function of two variables is defined in terms of the normal form of 
functions of one variable; the normal form of a function of three variables 


in terms of the normal form for two, and so on.’ Thus the normal form 
of a function of two variables, ®(2, y), will be found by expanding 


(Aa+B-x) y+ (Cx+D-2) -y 
It will be, AvytB-xvy+Cu-y+ Dx -y 
The normal form of a function of three variables, V(x, y, 2), will be 
Axyz+Br-ryz+Cau-ys+D-xe-ystEvy-2+F -xvy-2z 
+Ge-y-2+ HH -x -y -z 
And so on. Any function in the normal form will be fully developed with 


7 By a term which “involves” # is meant a term which either is x or has x “as a 


factor”. But “factor” seems inappropriate in an algebra in which h 2 is always contained 
Ine en. 

§ This definition alters somewhat the usual order of terms in the normal form of func- 
tions. But it enables us to apply mathematical induction and thus prove theorems of a 
generality not otherwise to be attained. 
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reference to each of the variables involved—that is, each variable, or its 
negative, will appear in every term. 


6:11 Any function may be given the normal form. 
(a) By 6-1, any function of one variable may be given the 
normal form. 
(b) If functions of n variables can be given the normal form, 
then functions of n + 1 variables can be given the normal form, for, 
Let @(a1, 2, ... ny Uzi) be any function of n + 1 variables. 
By definition, its normal form will be equivalent to 


con SOO oa8 ay) *Unt1 +f Lae OY 5 35 Lz) "~=Unt1 
where f and f’ are functions of 2, 22, ... %, and in the normal 
form. 
By the definition of a function, ®(a, 2, ... Xa) %ni1) may be re- 


garded as a function of %n11. Hence, by 6-1, for some A and some 
B which are independent of #n41 


Dee eee a karl eH A Ce =e 


Also, by the definition of a function, for some f and some f’ 
A {Gt 
aud 6 et (aa eae a) 


Hence, for some f and f ’ which are independent of 2,4; 


O(a, VQ, 1+. Uny a) = gheere Dy ge 2) ntl 


Em GH Ree 5 Coy esc 


Therefore, if the functions of n variables, f and f’, can be given the 
normal form, then ®(21, %2, ... @n, %n4+1) can be given the normal form. 
(c) Since functions of one variable can be given the normal form, 
and since if functions of n variables can be given the normal form, 
functions of n + 1 variables can be given the normal form, therefore 
functions of any number of variables can be given the normal form. 
The second step, (b), in the above proof may seem arbitrary. That it 

is valid, is due to the nature of functions in this algebra. 
6-12 Fora function of n variables, (21, v2, ... %n), the normal form will 
be a sum of 2” terms, representing all the combinations of 21, positive or 
negative, with 2x2, positive or negative, with ... with x,, positive or 

negative, each term having its coefficient. 
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(a) A normal form function of one variable has two terms, and 
by definition of the normal form of functions of n + 1 variables, if 
functions of k variables have 2* terms, a function of k + 1 variables 
will have 2* + 2*, or 2**', terms. 

(b) A normal form function of one variable has the further 
character described in the theorem; and if normal form functions 
of k variables have this character, then functions of k + 1 variables 
will have it, since, by definition, the normal form of a function of 
k +1 variables will consist of the combinations of the (k + 1)st 
variable, positive or negative, with each of the combinations repre- 
sented in functions of k variables. 

Since any coefficient may be 0, the normal form of a function may con- 
tain terms which are null. Where no coefficient for a term appears, the 
coefficient is, of course, 1. The order of terms in the normal form of a 
function will vary as the order of the variables in the argument of the 
function is varied. For example, the normal form of (2, y) is, by defini- 
tion, 

AuytB-vy+Cu-y+D-x-y 


and the normal form of W(y, x) is 
PyxtQ-yxutRy-xv+S8 -y-x 


Except for the coefficients, these differ only in the order of the terms and 
order of the elements in the terms. And since + and x are both associa- 
tive and commutative, such a difference is not material. 
6:15 Any two functions of the same variables can differ materially only 
in the coefficients of the terms. 

The theorem follows immediately from 6-12. 


In consequence of 6-15, we can, without loss of generality, assume 
that, for any two normal form functions of the same variables with which 
we may be concerned, the order of terms and the order of variables in the 
arguments of the functions is the same. And also, in,any function of 
n + 1 variables, ®(a1, 22, ... Xn, Xn41), Which is equated to 


yore Copy Bete op) Unt1 +f ‘Cis, WD Fite i Ga) =Unt+1 


%n41 May be any chosen one of the n + 1 variables. The convention that 
it 1s always the last is consistent with complete generality of the proofs. 


6:17 The product of any two terms of a function in the normal form is 
null, 
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By 6-12, for any two terms of a function in the normal form, 
there will be some variable, x,, such that x, is positive in one of 
them and negative in the other; since otherwise the two terms 
would represent the same combination of x, positive or negative, 
with x2, positive or negative, etc. Consequently, the product of 
any two terms will involve a factor of the form 2,-%,, and will 
therefore be null. 


Unless otherwise specified, it will be presumed hereafter that any func- 
tion mentioned is in the normal form. 


The Coefficients in a Function.—The coefficients in any function can be 
expressed in terms of the function itself. 


6°21 lf f(@@) =Ax+B-=z, then fd) = A. 
For f) = 4-1+B--1=A+B-0= A. 
6:22 If f(z) = Ax+B =z, then f(0) = B. 
For f(0) = A:0+ B--0 = 0+8B-1= B. 
6:23 f(x) =f(1)-a+f(0)--2. 
The theorem follows immediately from 6-1, 6-21 and 6-22. 


These laws, first stated by Boole, are very useful in reducing compli- 
cated expressions to normal form. For example, if 


W(v) = ac (dxt-d-x)+(c+x) d 
reduction by any other method would be tedious. But we have 
W(1) = ac (d-1+-d-0)+(c+1)d=acd+cdt+d=d 
and W(0) = ac (d-0+-d-1)+(c+0)d =ac-dt+cd 
Hence the normal form of V(2) is given by 
W(x) = dut+(ac-d+cd) -x 
Laws analogous to 6-23, also stated by Boole, may be given for functions 
of more than one variable. For example, 
fle, y) = fA, Ie y +f, I)--wy +f, 0)-x-y + f(0, 0) 2 -y 
and &(a;¥, 2)-=— ®(1,1,1)-xy2+6(0, 1,1)--~y2+ 61, 0, 1)-2-yez 
+ 0(0,0,1)--x -y2+ (1, 1,0)-xy-2+ (0, 1,0)--ry-2 
+ &(1,0,0)-a-y -z + &(0, 0, 0) --v -y -2 
We can prove that this method of determining the coefficients extends to 


functions of any number of variables. 
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6:24 If | OR aR } be any term of (a1, 2, 3, ... 2»), then 
He SH, SO: 8 a Sta 


A 


tls MH et 
OR 5 errr) 


} will be the coefficient, C. 


(a) By 6-23, the theorem holds for functions of one variable. 

(b) If the theorem hold for functions of k& variables, it will hold 
for functions of k + 1 variables, for, 

By 6-11, any function of k + 1 variables, ®(a1, to, ... Xk, Te+1); 
is such that, for some f and some f ’, 


DO 2, 2 Vin Cent) =f Cy eo, ee) Ae) ees, oe eae ae 
1s ere oe Laer Beoaey es 
i ® i eat) aT = Pes any , -0 
ack eae} foo Oe. 20 woe Oe 
(eS bad ries 
re 6) d 1 
Sepa: @) 


Therefore, if every term of f be of the form 
fee ‘fe DOW a ol 
Ov rees() —X1-X_ 2. “UE 
then every term of ® in which 2;,, is positive will be of the form 
Tate Saas es Tana de a, | 
0, One 20 eer renee ee 
: : PALS ans : 
and the coefficient of any such term will be f 0.0 of? which, 


pak Se eat ee 


by (1), 18 PA) 0 Vy : 


And similarly, if every term of f’ be of the form 
Dh thy es oe tae we | 
: OS aa m “21 U2... “Xx J 
then every term of © in which 2,1 is negative will be of the form 


VE ora eat “| 
4 3 : a s. . k 
f ce Omen i ie Bet a 3 
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UP ey eenl 


OrOnee 1 f which 


and the coefficient of any such term will be f ’ | 


Weak cael 
by (2), 1 | mak 4 f 
ee ealinvoes ace 


Hence every term of © will be of the form 
ah ik, etic IL, ‘} 1 Gti) Oly Go HOA a) 
0, 0, 2 O6 0, 0 =H Xo... WX MUR 
(c) Since the theorem holds for functions of one variable, and 
since if it hold for functions of & variables, it will hold for functions 


of k + 1 variables, therefore it holds for functions of any number of 
variables. 


For functions of one variable, further laws of the same type as 6-23— 
but less useful—have been given by Peirce and Schroder. 
If f(z) = Av+B-z: 
6:25 fd) =f(A+B) =f(-d+-B). 
6:26 f(0) =f(A-B) =f(-A--B). 
6:27 f(A) =A+B=f(-B) =f(A--B) = f(4+-B) 
= fl) +f) = fe) +fC-2). 
6:28 f(B) = A-B =f(-A) =f(-A-B) =f(-A+B) 
=f Ut(O) i fa) (2). 


The proofs of these involve no difficulties and may be omitted. 


In theorems to be given later, it will be convenient to denote the coef- 
ficients in functions of the form ®(a1, 2, ... am) by A1, As, As, ... Aor, 
or by Ci, Co, Cz, ..., etc. This notation is perfectly definite, since the 
order of terms in the normal form of a function is fixed. If the argument 
of any function be (a1, %, ... mn), then any one of the variables, 2;, will 
be positive in the term of which C,, is the coefficient in case 

pe 2 my = (p + 1) +2 
where p = any even integer (including 0). Otherwise a, will be negative 
in the term. Thus it may be determined, for each of the variables in the 
function, whether it is positive or negative in the term of which C,, is the 
coefficient, and the term is thus completely specified. We make no use 
of this law, except that it validates the proposed notation. 

Occasionally it will be convenient to distinguish the coefficients of those 
terms in a function in which some one of the variables, say x,, is positive 
from the coefficients of terms in which az; is negative. We shall do this 
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by using different letters, as Pi, P2, Ps, ..., for coefficients of terms in 
which a, is positive, and Q:, Qs, Qs, ... for coefficients of terms in which x; 
is negative. This notation is perfectly definite, since the number of terms, 
for a function of n variables, is always 2”, the number of those in which 2, 
is positive is always equal to the number of those in which it is negative, 
and the distribution of the terms in which z; is positive, or is negative, 1s 
determined by the law given above. 

The sum of the coefficients, 41+ 42+ Ast+..., will frequently be indi- 


cated by >\A or >/A,; the product, A:-A2-A3-... by [Tl 4%or Tie 
h h 


Since the number of coefficients involved will always be fixed by the func- 
tion which is in question, it will be unnecessary to indicate numerically the 
range of the operators >> and [[. 

The Limits of a Function.—The lower limit of any function is the prod- 
uct of the coefficients in the function, and the upper limit is the sum of 
the coefficients. 


6-3 ABcAx+B-xc A+B. 
(A B)\(Aat+B-r) =ABr+AB-x=AB 
Hence [1-9] dA Bc Axv+B-xz. 
And (Av+B-2)(A+B) = Axv+AB-xv+ABriB-x 
= (A B+ A)xu+(A B+ B) =z. 
But [5-4] d B+A = A, and A B+B = B. 
Hence (Az+B-z)(A+B) =Azx+B-z, and [1-9] Ar+B-z 
cA+B, 
6°31 F(Byenay ei“). 
[6-3 and 6-26, 6-27] 
6:32 If the coefficients in any function, F(z, #2, ... aa), be Ci, Cs, Cs, -. 
then 


Le J 


EG Corea, as an) we: 
(a) By 6-3, the theorem holds for functions of one variable. 
(b) Let ®(a1, we, ... x, Xe41) be any function of k + 1 variables. 
By 6-11, for some f and some f ’, 
Pi eeee het) == Nie tae . Oh)? Cas 
+7 (01, ty, .ty) beat L) 
Since this last expression may be regarded as a function of Ue41 IN 


which the coefficients are the functions f and 7 yloal 


Toots US sews Xx) xf ey, HOA Bac Xx) Cc P(x, WD's Veneto Ue XLe41) 
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Let Ai{®}, Ao{}, As{}, etc., be here the coefficients in 6; Aj {f}, 
Az{f}, Asif}, etc., the coefficients inf; and Ai{f’}, Ao{f’}, As{f’}, 


etc., the coefficients in f ’. 
If [[ Aff} cf and J] A{f’} ef’, then [6-3] 
ITA( fs} x TL Alf} ef xf! 

and, by (1), [[ Aff} x IL A{f’} <@. 
But since (1) holds, any coefficient in ® will be either a coefficient 
in f or a coefficient in f’, and hence 

Tl 4is} x TL 4ff} = 11 4{9} 
Hence if the theorem hold for functions of & variables, so that 

IT Aff} CfG@ata st.) and | [Ath Cir. teen 
then [[ A{@} ¢ ®(a1, 22, ... te, e421). 

Sunilarly, since (1) holds, [6-23] 6cf+f’. 

Hence if fc > Aff} and f’c >oA{f’}, then [5-31] 
Pe DTA Ay) 
But since any coefficient in © is either a coefficient in f or a coef- 
ficient in f’, Aff} + A{f’} = DJAfe}. 
Hence @c >) A{9}. 

Thus if the theorem hold for functions of k variables, it will 
hold for functions of k + 1 variables. 

(c) Since the theorem holds for functions of one variable, and 
since if it hold for functions of & variables, it will hold for functions 
of k + 1 variables, therefore it holds generally. 

As we shall see, these theorems concerning the limits of functions are 
the basis of the method by which eliminations are made. 

Functions of Functions.—Since all functions of the same variables may 
be given the same normal form, the operations of the algebra may frequently 


be performed simply by operating upon the coefficients. 
6-4 If f(x) = Ax+B-z, then -[f(x)] = -d v+-B -z. 
[3-4] -(Aa+B-x) = -(A z)--(B -z) 
= (-A+-27)(-Bt+v) = -A-B+-Aav+-B -2x 
= (-A -B+-A) v+ (-4d -B +-B) -x 
But [5-4] -d -B+-A = -A and -A -Bb+-B = -b. 
Hence -(A2+B-x) = -Ax+-b-z. 
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6-41 The negative of any function, in the normal form, is found by re- 
placing each of the coefficients in the function by its negative. 
(a) By 6-4, the theorem is true for functions of one variable. 
(b) If the theorem hold for functions of k variables, then it will 
hold for functions of k + 1 variables. 
Let F(21, v2, ... Wk; 41) be any function of & + 1 variables. 
Then by 6-11 and 3-2, for some f and some f ’, 


-[F(a1, U2, ... Uhy Lr+1)] = -| fai; Ub) Gas i) *Ue+1 
+f '(a1, Le, o.. Le) Lesa] 
But f(a1, v2, ... x) tear tf (a1, Lo, ... U)*-ez1 may be regarded 


as a function of ayz41. 
Hence, by 6-4, 
lt (Gin lan in cea es (Cy, Coy Be) e— Cara 
= | f (x1, Xo, -. 2 tz) | Sess tL (ea Sen ee) ees 
Hence if the theorem be true for functions of k variables, so that 
the negative of f is found by replacing each of the coefficients in f by 
its negative and the negative of f’ is found by replacing each of the 
coefficients in f’ by its negative, then the negative of F will be 
found by replacing each of the coefficients in F by its negative, for, 
as has just been shown, any term of 
-[F (x1, VQ, ... Why Lx+41)] 
in which a4, 1s positive is such that its coefficient is a coefficient in 
| oF (cree eae acts.) 
and any term of 
-[F(a, HDR 65 4 a HehS Xr+1)] 
in which a;.+1 1s negative is such that its coefficient is a coefficient in 
-| i A (on Wea ewens Xx) | 
(c) Since (a) and (b) hold, therefore the theorem holds generally. 
Since a difference in the order of terms is not material, 6-41 holds not 
only for functions in the normal form but for any function which is com- 
pletely expanded so that every element involved appears, either positive 
or negative, in each of the terms. It should be remembered that if any 


term of an expanded function is missing, its coefficient is 0, and in the 
negative of the function that term will appear with the coefficient 1. 
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6:42 The sum of any two functions of the same variables, 6(a1, v2, ... 2x) 
and W(x, v2, ... @), is another function of these same variables, 
IRs Ai oo OFA eal 


such that the coefficient of any term in F is the sum of the coefficients of 
the corresponding terms in ® and W.° 
BysO2ld; “O(aias, 3-. c,) and Wa, x, ...'%,) cannot differ 
except in the coefficients of the terms. 
Let Ai, Ao, Az, etc., be the coefficients in ®; B,, Bs, B3, etc., the 
coefficients of the corresponding terms in Y. For any two such cor- 


° } ii) SU ao Cv Ail CO ao GE 
responding terms, An ; and Bed oe 


Ae SUI go ES Heit B09 6 oo le 
Wa eM ai ees Se Oy aaa BS 
A, | + B, 
Ot ee em See BO 5 oe SMe 
AO SARY Ba 5 Geen 
= (A; + B;) { 
Caen Heb) 5 ad Seen 


And since addition is associative and commutative, the sum of the 
two functions is equivalent to the sum of the sums of such corre- 
sponding terms, pair by pair. 
6:43 The product of two functions of the same variables, ®(a1, a, ... Xn) 
and W(a1, 2%, ... Yn), is another function of these same variables, 


VCP ae tm aa 


such that the coefficient of any term in F is the product of the coeffi- 
cients of the corresponding terms in & and W. 


Defect ten See aie ee eet 
Let An a and Bef } be any two 
ee eM ERG tn, eh ny Sith HOO 5 5 ny He 
corresponding terms in @ and WV. 
Mel Bi. Ndi Abn 8 HOe Racy. abies 
A, } x B, 1 
0 bee Wey cry ch lemet bey Hei SMbOY 6 oo GbR 
Ogee een 
— (A;, x By) i 
| -wy ae... <an 
By 6-15, @ and W do not differ except in the coefficients, and by 
6-17, whatever the coefficients in the normal form of a function, the 


product of any two terms is null. Hence all the cross-products of 
terms in ® and W will be null, and the product of the functions will 
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be equivalent to the sum of the products of their corresponding terms, 
pair by pair. 
Since in this algebra two functions in which the variables are not the 
same may be so expanded as to become functions of the same variables, 
these theorems concerning functions of functions are very useful. 


TV. FUNDAMENTAL LAws oF THE THEORY OF EQUATIONS 


We have now to consider the methods by which any given element 
may be eliminated from an equation, and the methods by which the value 
of an “unknown” may be derived from a given equation or equations. The 
most convenient form of equation for eliminations and solutions is the 
equation with one member 0. 

Equivalent Equations of Different Forms.—If an equation be not in the 
form in which one member is 0, it may be given that form by multiplying 
each side into the negative of the other and adding these two products. 
7-1 a=b is equivalent to a-b+-ab = 0. 

[2-2] a = b is equivalent to the pair, acb and b ca. 
[4-9] a cb is equivalent to a-b = 0, and bcato-ab = 0. 
And [5-72] a-b = 0 and -ab = 0 are together equivalent to a-b 
+-ab = 0. 

The transformation of an equation with one member 1 is obvious: 

7-12 a =1 is equivalent to -a = 0. 

[3-2] 
By 6-41, any equation of the form f(a, x, ... a) = 1 is reduced to the 
form in which one member is 0 simply by replacing each of the coefficients 
in f by its negative. 

Of especial interest is the transformation of equations in which both 
members are functions of the same variables. 


7-13 If Ba, we, ... nm) and W(a1, te, ... &) be any two functions of the 
same variables, then 

Di, Wes, cies Cin) REO ai onan 
is equivalent to F(a, v2, ... %) = 0, where F is a function such that 


if As, As, As, ete., be the coefficients in ®, and B,, Bo, Bs, etc., be the coef- 
ficients of the corresponding terms in W, then the coefficients of the corre- 
sponding terms in F' will be (4, -B,+-A; B,), (d2-Bo+-A> Bs), (A3-Bs 
+-A 3B3), ELCs 
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By 7-1, ® = W is equivalent to (® x-W) + (-@xW) = 0. 
By 6-41, - and -W are functions of the same variables as ® and W. 
Hence, by 6:43, 6x-W and - x W will each be functions of these 
same variables, and by 6-42, (6x-W)+(-®xwW) will also be a 
function of these same variables. 
Hence ®, VW, -6, -V, x-W, -® x WV, and (@ x-W) + (-@ x W) are all 
functions of the same variables and, by 6-15, will not differ except 
in the coefficients of the terms. 
If A, be any coefficient in ®, and B;, the corresponding coefficient 
in W, then by 6-41, the corresponding coefficient in - will be -A, 
and the corresponding coefficient in -¥ will be -B,. 
Hence, by 6-43, the corresponding coefficient in &x-W will be 
A;, ~B,, and the corresponding coefficient in - x W will be —A;,B,. 
Hence, by 6-42, the corresponding coefficient in (® x-W) + (-® x V) 
will be A; -—B, +-A,By. 
Thus (® x-W) + (-& x VW) is the function F, as described. above, and 
the theorem holds. 

By 7-1, for every equation in the algebra there is an equivalent equation 
in the form in which one member is 0, and by 7-13 the reduction can usually 
be made by inspection. 

One of the most important additions to the general methods of the 
algebra which has become current since the publication of Schréder’s work 
is Poretsky’s Law of Forms.’ By this law, given any equation, an equiva- 
lent equation of which one member may be chosen at will can be derived. 
7-15 a = O is equivalent tot = a-t+-at. 

Ifa = 0,a-t+-at = 0--t+1-t =. 
And if ¢ = a-t+-at, then [7-1] 
(a-t+-at) —t+(at+-a-t)'=0 =a-tt+at=a 
Since t may here be any function in the algebra, this proves that every 
equation has an unlimited number of equivalents. The more general form 
of the law is: 
7-16 a =) is equivalent tot = (ab+-a-b) t+ (a-b+-a b) -#. 
[7-1] a = b is equivalent to a-b+-ab = 0. 
And [6-4] -(a-b +-a b) = ab+-a-b. 
Hence [7-15] Q.E.D. 
The number of equations equivalent to a given equation and expressible 


9See Sept lois fondamentales de la théorie des égalités logiques, Chap. I. 


11 
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in terms of n elements will be half the number of distinct functions which 
can be formed from n elements and their negatives, that is, 2*"/2. 

The sixteen distinct functions expressible in terms of two elements, 
a and 0, are: 

a, -a, b, -b, 0 (i. e., a-a, b-b, etc.), 1 (Gi. e., a+-a, b+-b, etc.), a b, 
a-b, -ab, -a-b, a+b, a+-b, -a+b, -a+-b, ab+-a-b, and a-b+-a b. 
In terms of these, the eight equivalent forms of the equation a = b are: 

a=b; -a=-b; 0=a-b+-ab; 1=ab+-a-b; ab =atb; a-b 
= -ab; -a-b = -a+-b; and a+-b = -a+b. 

Each of the sixteen functions here appears on one or the other side of an 
equation, and none appears twice. 

For any equation, there is such a set of equivalents in terms of the 
elements which appear in the given equation. And every such set has 
what may be called its “zero member” (in the above, 0 = a-b+-a b) 
and its “whole member” (in the above, 1 = ab+-a-b). If we observe 
the form of 7-16, we shall note that the functions in the ‘zero member”’ 
and “whole member” are the functions in terms of which the arbitrarily 
chosen ¢ is determined. Any ¢t = the ¢t which contains the function {= 0} 
and is contained in the function {= 1}. The validity of the law depends 
simply upon the fact that, for any t, Ocicl, i. e., t= 1-¢+0--¢. It is 
rather surprising that a principle so simple can yield a law so powerful. 

Solution of Equations in One Unknown.—Every equation which is pos- 
sible according to the laws of the system has a solution for each of the un- 
knowns involved. This is a peculiarity of the algebra. We turn first to 
equations in one unknown. Every equation in 2, if it be possible in the 
algebra, has a solution in terms of the relation c. 

7-2 Ax+B-z = 0 is equivalent to Bc2ac-A. 
[5-72] Aaw+B-x = 0 is equivalent to the pair, 4 = 0 and 
B-z = 0: 
[4:9] B-x = 0 is equivalent to Bex. 
And A a = 0 is equivalent to x -(—A) = 0, hence to x e-A. 
7-21 A solution in the form H ca cK is indeterminate whenever the equa- 
tion which gives the solution is symmetrical with respect to x and -2. 
First, if the equation be of the form A 2+ A-zx = 0. 
The solution then is, A ca c-A. 
But if d2+A-z« = 0, then d = A (w2+-2) = Ant+A-z = 0, and 
ad ee | 
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Hence the solution is equivalent to 0¢a¢1, which [5-61-63] is 
satisfied by every value of x. 
In general, any equation symmetrical with respect to x and -a 
which gives the solution, H ca cK, will give also H c-ac K. 
But if H cx and H c-z, then [4:9] Hx = H and H-« = H. 
Hence [1-62] H = 0. 
And if «cK and -2cK, then [5-33] x+-x cK, and [4-8, 5-63] 
Ses ap 
Hence H cx cK will be equivalent to 0cxel. 
It follows directly from 7-21 that if neither x nor -x appear in an equa- 
tion, then although they may be introduced by expansion of the functions 
involved, the equation remains indeterminate with respect to x. 


7-22 An equation of the form A a+B-x = 0 determines x uniquely when- 
ever A = -B, B = -A. 
[8-22] A =-B and -A = B are equivalent; hence either of 
these conditions is equivalent to both. 
[7-2] Ava+B-x = 0 is equivalent to B ca c-A. 
Hence if B = -A, it is equivalent to BcacB and to -A cac-A, 
and hence [2-2] tox = B = —A. 

In general, an equation of the form Aw+B-x = 0 determines x be- 
tween the limits B and -A. Obviously, the solution is unique if, and only 
if, these limits coincide; and the solution is wholly indeterminate only 
when they are respectively 0 and 1, the limiting values of variables generally. 
7-221 The condition that an equation of the form A a+ B-zx = 0 be pos- 
sible in the algebra, and hence that its solution be possible, is 4 B = 0. 


By 6:3, ABecAx+B-x. Hence [5-65] if da+B-zx = 0, then 


AB=0. 
Hence if A B + 0, then A x + B-x = 0 must be false for all values 
Olas 


And Aa+B-z = 0 and the solution B cx ¢-A are equivalent. 

A B = 0is called the “equation of condition” of Aa+B-x = 0: it is 
a necessary, not a sufficient condition. To call it the condition that A x 
+B-zx = 0 have a solution seems inappropriate: the solution Bcac-A 
is equivalent to A a+B-a« = 0, whether Ax+B-x = 0 be true, false, or 
impossible. The sense in which A B = 0 conditions other forms of the 
solution of A a+ B-x = 0 will be made clear in what follows. 

The equation of condition is frequently useful in simplifying the solution. 
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(In this connection, it should be borne in mind that A B = 0 follows from 
Ax+B-x=0.) For example, if 
abu+(at+b) -x = 0 
then (a+b) cac-(ab). But the equation of condition is 
ab(a+b) =a6 = 0, or, -(ab) =1 
Hence the second half of the solution is indeterminate, and the complete 


solution may be written 
at+be2r 


However, this simplified form of the solution is equivalent to the original 
equation only on the assumption that the equation of condition is satisfied 
and a baa). 

Again suppose axt+b-r+c =0 
Expanding c with reference to 2, and collecting coefficients, we have 

(atc) xt+(b+c)-x = 0 
and the equation of condition is 
(atc\(b+c) =abt+tactbe+ce=ab+c=0 
The solution is b+ecuc-a-c 
But, by 5-72, the equation of condition gives c = 0, and hence -c = 1. 
Hence the complete solution may be written 
beac -a 

But here again, the solution b cx ca is equivalent to the original equation 
only on the assumption, contained in the equation of condition, that ¢ = 0. 

This example may also serve to illustrate the fact that in any equation 
one member of which is 0, any terms which do not involve 2 or -a may be 
dropped without affecting the solution for x If ax+b-x+c = 0, then 
by 5-72, ax+b-x = 0, and any addition to the solution by retaining ¢ will 
be indeterminate. All terms which involve neither the unknown nor its 


negative belong to the “symmetrical constituent” of the equation—to be 
explained shortly. 


Poretsky’s Law of Forms gives immediately a determination of x which 
is equivalent to the given equation, whether that equation involve z or not. 
7:23 Ax+B-z = 01s equivalent tov = -Ax+B-a. 

[7-15] dv+B-x = 0 is equivalent to 


x= (Av+B-x)-vt+ (-dav+-B-x)x = B-x+-Ax 
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This form of solution is also the one given by the method of Jevons.!° 
Although it is mathematically objectionable that the expression which 
gives the value of a should involve x and ~a, this is in reality a useful and 
logically simple form of the solution. It follows from 7-2 and 7-23 that 
x = -A2xv+B -z is equivalent to Bcac-d. 

Many writers on the subject have preferred the form of solution in 
which the value of the unknown is given in terms of the coefficients and an 
undetermined (arbitrary) parameter. This is the most “mathematical’’ 
form. ' 


7:24 If AB=0, as the equation dva+B-xz =0 requires, then Ax 
+B-x = 0 is satisfied by « = B-uw+-A u, or x = B+u-A, where wu is 
arbitrary. And this solution is complete because, for any a such that 
Axu+B6-x = 0 there is some value of w such that c = B-u+-du=B 
+u-A. 
(a) By 6-4, if a = B-w+-A u, then -~ = -B-uw+A u. 
B-u+-A u, then 
MPI ae 
=AB-utr+ABu=AB 
Hence if 4 B = 0 and x = B-u+-A u, then whatever the value 
of u, Ax+B-x = 0. 
(b) Suppose a known and such that 4 a+ B-x = 0. 

Then if « = B-w+-A wu, we have, by 7-1, 
(B-w+-Au)-v+(-B-u+Au)x 

= (Av+-A-zv) ut+(B-v+-B 2) -u = 0 


Hence if x 
Ax+B-x 


The condition that this equation hold for some value of wis, by 7-221, 
(A a2+-A -x)(B-x+-Bex) = A-Bx+-A B-x = 0 

This condition is satisfied if A «+ B-x = 0, for then 

A (B+-B)v+(4+-A)B-w = AB+A-Baut+-AB-x =0 
and by 5-72, A-Bu+-A B-x = 0. 

(c) If AB = 0, then B-w+-A u = B+u-A, for: 
If A B= 0, then A Bu = 0. 
Hence B-w+-A u = B-w+-A (B+-B)u+A Bu 

= B-u+(A4+-A) But+-A-Bu = B(-utu)+-A-B wu 
= B+-A-Bu. 
But [5-85] B+-A-Bu = Beu-A. 
10 See above, p. 77. 
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Only the simpler form of this solution, = B + u-A, will be used hereafter. 

The above solution can also be verified by substituting the value given 
for x in the original equation. We then have 

A(B-u+-Au)+B(-B-u+Au) =AB-u+ABu=AB 
And if A B = 0, the solution is verified for every value of w. 

That the solution, « = B-w+-Ad u = B+u-A, means the same as 
Bcxc-A, will be clear if we reflect that the significance of the arbitrary 
parameter, w, is to determine the limits of the expression. 

Ifu=0, B-w+-du = Beu-A = B. 

If w=1, B-w+-Au=-A and B+u-A = B+-A. But when 

AB=0, B+-A =-AB+-A =-A. 
Hence « = B-uw+-A u = B+u-A simply expresses the fact, otherwise 
stated by B ca c-A, that the limits of x are B and -A. 

The equation of condition and the solution for equations of the form 
Ca+D-x = 1, and of the form Ax+B-« = Cx+D-xz, follow readily 
from the above. 

7-25 The equation of condition that Cx+D-z = 1is C+D = 1, and the 
solution of Ca+D-«a=1is-Deacl. 
(a) By 6-8, Cx+D-aeC+D. 
Hence if there be any value of x for which Ca+D-z = 1, then 
necessarily C+D = 1. 
(b) If Cx+D-x =1, then [6-4] -C2x+-D-zx = 0, and [7-2] 
em aC: 
7-26 If C+D =1, then the equation Cxr+D-x =1 is satisfied by 
x = -D+uC, where wu is arbitrary. 
Since [6:4] Ca+D-zx =1 is equivalent to -Cx+-D-zx = 0, 
and C+D = 1 is equivalent to -C-D = 0, the theorem follows 
from 7-24. 
7:27 If Ax+B-x = Cx+D-x, the equation of condition is 
(A-C4-4 Ob aR Den 
and the solution is B-D+-B DcxcA C+-A -O, or 
«= B-D+-BD+u (A C+-A -O), where w is arbitrary. 
By 7-18, Aa+B-x = Cx+D -2 is equivalent to 
(A -C+-A C)x+(B-D+-B d) -x = 0. 
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Hence, by 7-221, the equation of condition is as given above. 
And by 7-2 and 7-24, the solution is 
B-D+-BDcxc-(A-C+-A 0), or 
x = B-D+-BD+u--(A -C+-A C), where wu is arbitrary. 
And [6-4] -(4 -C+-4d C) = 4 C+-A-C. 
The subject of simultaneous equations is very simple, although the 

clearest notation we have been able to devise is somewhat cumbersome. 
7-3 The condition that n equations in one unknown, 4'a+B!-x = 0, 


A’x+ BP-x = 0,... Anv + Br-x = 0, may be regarded as simultaneous, is 
the condition that 


2, (A* B*) = 0 
h, i 
And the solution which they give, on that condition, is 


> Bteac [[-A* 
k k 


or a = >, Be +u- [[-A*, where w is arbitrary. 
i k 
By 6-42 and 5-72, A%+B'-7 =0, A’%r+B?-7 = 0, 
Arz +B" -x = 0, are together equivalent to 
(Al+ A? +... + Ar%)v+ (B+ B+... +B") -x =0 


or > At¥at >) Be-r = 0 
k k 


By 7-23, the equation of condition here is 


Sade ee Be 0 
k 


k 
Bute > A’ xs B= A Ate, tA) Bt +t +B") 
k k 
= A! B+ A! B?+... +A Br + A? B+ A? B+... + A? B* 
+ A? Bi + A? B24... + A8 Bre... 4+A° B+... +A” B* 
— Ds (At Br), 
kh, & 
And by 7-2 and 7-24, the solution here is 
> Brcaxc-{ >) A*} 
i i 
or a= > Be+u--{ >) A*} 
k k 


-95, -{ >, A*} =]] -4*. 
k 


k 


And by 


Or 


It may be noted that from the solution in this equation, n® partial solu- 
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tions of the form B* cx ¢-A! can be derived, for 


Bre Be and [J -A*¥ c-A?.. 
k 


k 
Similarly, 22» — 1 partial solutions can be derived by taking selections of 


members of >> B* and [J -A*. 
k ke 


Symmetrical and Unsymmetrical Constituents of Equations.—Some of 
the most important properties of equations of the form A «+B -x = 0 are 
made clear by dividing the equation into two constituents—the most 
comprehensive constituent which is symmetrical with respect to 2 and -2, 
and a completely unsymmetrical constituent. For brevity, these may 
be called simply the “symmetrical constituent”? and the “unsymmetrical 
constituent’. In order to get the symmetrical constituent complete, it 
is necessary to expand each term with reference to every element in the 
function, coefficients included. Thus in 4 2+B-zx = 0 it is necessary to 
expand the first term with respect to B, and the second with respect to A. 


A(B+-B)x+(44+-A) B-e = ABr+AB-v1+A-Bxt+-A B-x = 0 
By Oats this is equivalent to the two equations, 
AB @+-2) =AB=0 and A-Bx+-AB-x =0 


The first of these is the symmetrical constituent; the second is the unsym- 
metrical constituent. The symmetrical constituent will always be the equa- 
tion of condition, while the unsymmetrical constituent will give the solution. 
But the form of the solution will most frequently be simplified by con- 
sidering the symmetrical constituent also. The unsymmetrical constituent 
will always be such that its equation of condition is satisfied a priori. Thus 
the equation of condition of 


A-Be+-A B-x = 0 


is (A -B)(-A B) = 0, which is an identity. 

By this method of considering symmetrical and unsymmetrical con- 
stituents, equations which are indeterminate reveal that fact by having 
no unsymmetrical constituent for the solution. Also, the method enables 
us to treat even complicated equations by inspection. Remembering that 
any term in which neither 2 nor -x appears belongs to the symmetrical 
constituent, as does also the product of the coefficients of 2 and -a, the 
separation can be made directly. For example, 


(c+a)d+-c-d+(-a+-x7)b =0 
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will have as its equation of condition 


cd+-c-d+-ab+bd=0 
and the solution will be 


bea c-d 


Also, as we shall see shortly, the symmetrical constituent is always the 
complete resultant of the elimination of «. 

The method does not readily apply to equations which do not have 
one member 0. But these can always be reduced to that form. How it 
extends to equations in more than one unknown will be clear from the 
treatment of such equations. 

Eliminations.—The problem of elimination is the problem, what equa- 
tions not involving a or -x can be derived from a given equation, or equa- 
tions, which do involve x and -v. In most algebras, one term can, under 
favorable circumstances, be eliminated from two equations, two terms 
from three, n terms from n + 1 equations. But in this algebra any number 
of terms (and their negatives) can be eliminated from a single equation; 
and the terms to be eliminated may be chosen at will. The principles 
whereby such eliminations are performed have already been provided in 
theorems concerning the equation of condition. 


7-4 AB =0 contains all the equations not involving x or -x which can 
be derived from 4 2+ B-x = 0. 
By 7-24, the complete solution of Aa+B-a = 0 is 
x= B-ut+-Au 
Substituting this value of a in the equation, we have 
A (B-u+-Au)+B(-B-u+Au) =AB-u+ABu=AB=0 
Hence A B = 0 is the complete resultant of the elimination of z. 

It is at once clear that the resultant of the elimination of 2 coincides 
with the equation of condition for solution and with the symmetrical con- 
stituent of the equation. 

7-41 If n elements, a1, %2, 23, ... %n, be eliminated from any equation, 
F (a1, 2, %3, ... &) = 0, the complete resultant is the equation to 0 of the 
product of the coefficients in F(a, ®2, &3, ... Xn). 

(a) By 6-1 and 7-4, the theorem is true for the elimination of 


one element, z, from any equation, f(x) = 0. 
(b) If the theorem hold for the elimination of & elements, 21, 2», 
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_ ay, from any equation, ®(a1, a, ... 2) = 0, then it will hold 
for the elimination of & + 1 elements, 21, %2, ... %, te41, from any 
equation, W(a1, v2, ... Xk, Lezi) = O, for: 

By 6-11, W(x, U9, 2 so ey Ln41) => An fea CUS tag Xk) *Ue+1 
+f (1, Wa, oa) 2h) ee 


And the coefficients in W will be the coefficients in f and f’. By 
7-4, the complete resultant of eliminating a1 from 


fl Bijhon wntE) cass hi ace, a eee ee 
is FAC. a ae 8 aS ha ai re rarer) Ge) 
And by 6:43, f(#1, #2, ... t) xf '(@1, %2, -.. %) = 0 is equivalent 
to @(a1, v2, ... 2%) = 0, where @ is a function such that if the 


coefficients in f be P,, Ps, Ps, etc., and the corresponding coefficients 
in f ’ be Q:, Qs, Qs, etc., then the corresponding coefficients in & will 
be P1Q1, PoQs, P3Qs, etc. Hence if the theorem hold for the elimina- 
tion of & elements, 21, x, ... Ze, trom Play to, - 7. ee =U, tats 
elimination will give 
CP201) (R202) (Ps0a) oe — (Pi beh so OG. ae ee 

where P;P2P3...QiQ2.Q3... is the product of the coefficients in ®, 
or inf and f ‘—1. e., the product of the coefficients in WV. 

Hence if the theorem hold for the elimination of k elements, 21, 22, 

. a, from @(a1, %2, ... Xe) = O, it will hold for the elimination of 
kK - 1 elements, a1,°22,.. .. ee, Sea, from: V(t, ta, oe ea 
provided 2,1 be the first eliminated. 

But since the order of terms in a function is immaterial, and for 
any order of elements in the argument of a function, there is a 
normal form of the function, 2; in the above may be any of the 
k + 1 elements in VY, and the order of elimination is immaterial. 

(c) Since (a) and (b) hold, therefore the theorem holds for the 
elimination of any number of elements from the equation to 0 of 
any function of these elements. 

By this theorem, it is possible to eliminate simultaneously any number of 
elements from any equation, by the following procedure: (1) Reduce the 
equation to the form in which one member is 0), unless it already have that 
form; (2) Develop the other member of the equation as a normal-form 
function of the elements to be eliminated; (3) Equate to 0 the product of 
the coefficients in this function. This will be the complete elimination 
resultant. 
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Occasionally it is convenient to have the elimination resultant in the 
form of an equation with one member 1, especially if the equation which 
gives the resultant have that form. 


7-42 The complete resultant of eliminating n elements, 21, 2, ... Yn; 
from any equation, F(a, %, ... %) = 1, is the equation to 1 of the sum 
of the coefficients in F(a, x2, ... &n). 


Let Ai, As, As, ete., be the coefficients in F'(x1, 2, ... Xn). 
I (ai, a2, 02. La) = 1 is equivalent to -[F'(aj, x2, ... 2,)| = 0.. And 
by 6-41, -[F(a,.4%2, ... @,)] is a function, (a1, x2, ... #,), such 
that if any coefficient in F be A;, the corresponding coefficient in ® 


will be -—A,. 
Hence, by 7-41, the complete resultant of eliminating 2, 22, ... Xn, 
frome ie ieto.. et,) = 1 18 


[[-4=0, or -{]]-4} =1 
But [5-95] -{ [[-4} = 50 A. Hence Q.E.D. 
For purposes of application of the algebra to ordinary reasoning, elimina- 


tion is a process more important than solution, since most processes of 
reasoning take place through the elimination of “middle” terms. For 


example: 
lfall bisa bez, b=-zx = 0 
and no ais 2, az = 0, 


then ax+b-x = 0. Whence, by elimination, ab = 0, or no ais b. 
Solution of Equations in more than one Unknown.—The complete solu- 
tion of any equation in more than one unknown may be accomplished by 
eliminating all the unknowns except one and solving for that one, repeating 
the process for each of the unknowns. Such solution will be complete 
because the elimination, in each case, will give the complete resultant which 
is independent of the unknowns eliminated, and each solution will be a 
solution for one unknown, and complete, by previous theorems. How- 
ever, general formulae of the solution of any equation in n unknowns, for 


each of the unknowns, can be proved. 


7-5 The equation of condition of any equation in n unknowns is identical 
with the resultant of the elimination of all the unknowns; and this resultant 
is the condition of the solution with respect to each of the unknowns sepa- 
rately. 

(a) If the equation in n unknowns be of the form 


WN Biotieetebya tate, oa ecu 
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Let the coefficients in F(a1, v2, ... %n) be Ai, Aa, As, etc. Then, 
by 6-32, 

LEAP tr eae a ee 
and [5-65] [[ A = 0 is a condition of the possibility of 

gi 5 Foye een) =U 


And [7-41] [] 4A = 0 is the resultant of the elimination of 21,’ x, 
Pens TCO WL. Cee oot eee) n= ls 
(b) If the equation in n unknowns have some other form than 
F (21, 22, ... %n) = 0, then by 7-1, it has an equivalent which is 
of that form, and its equation of condition and its elimination 
resultant are the equivalents of the equation of condition and 
elimination resultant of its equivalent which has the form 


Teyana eters 0, 


(c) The result of the elimination of all the unknowns is the 
equation of condition with respect to any one of them, say a, 
because: 
(1) The equation to be solved for 2; will be the result of eliminat- 
ing all the unknowns but a; from the original equation; and 
(2) The condition that this equation, in which a; is the only 
unknown, have a solution for a; 1s, by (a) and (6), the same as the 
result of eliminating x, from it. 
Hence the equation of condition with respect to a, is the same as 
the result of eliminating, from the original equation, first all the 
other unknowns and then a,. 
And by 7-41 and (6), the result of eliminating the unknowns is 
independent of the order in which they are eliminated. 
Since this theorem holds, it will be unnecessary to investigate separately 
the equation of condition for the various forms of equations; they are 
already given in the theorems concerning elimination. 


7°51 Any equation in n unknowns, of the form F(a, 2, ... @n) = 0, 
provided its equation of condition be satisfied, gives a solution for each 
of the unknowns as follows: Let x, be any one of the unknowns; let P,, Ps, 
P3, etc., be the coefficients of those terms in F(a, a, ... Xn) in which a, 
is positive, and Q;, Qs, Qs, ete., the coefficients of those terms in which a, 
is negative. The solution then is 


TlQ@cau¢>>-P, or ~% =I] Q+u: >) -P, where uw is arbitrary. 
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(a) By 6-11, for some f and some f’, F(a1, 22, ... #7) = 0 is 
equivalent. tomy (i, v2, 6.5 trai) tn +f ay, Hey ake Cy a onan OE 
Let the coefficients in f be Pi, Po, Ps, etc., inf’ be Qi, Qo, Qs, ete. 
Then P:, P2, P3, etc., will be the coefficients of those terms in F 
in which a; is positive, Q:, Qe, Qs, the coefficients of terms in F in 
which a; is negative. 


If f(x, We, ... Ln1)*an be regarded as a function of the variables, 
X1, 22, ... n-1, Its coefficients will be Piz,, Potn, Pex, ete. 
And if f ’(@1, %2, ... Yn—1):-a, be regarded as a function of 21, 2, 


. Xn—1, its coefficients will be Q, -an, Qo -atn, Qs -an, ete. 
Hence, by 6-42, 


hr omc oe r) yh Pe bay oeen aed) aon ==) 


is equivalent to W(21, V2, ... tr-1) = 0, where W is a function in 
which the coefficients are (Pi an,+Q1-an), (Potnt+Qo-an), (Psan 
+ Q3 -a@n), ete. 

ANGE (ti. ds) 5.5 ta-1) = 0-18 equivalent. to. (vie, ..a9tn) = 0. 
By 7-41, the complete resultant of the elimination of x1, v2, ... Un—1 
from W(a1, %, ... %n-1) = 0 will be the equation to 0 of the product 
of its coeflicients,— 


TI (Pirn + Q, -2n) = 0 


But any expression of the form P,v, + Q,-%, is a normal form func- 
tion of z,. Hence, by 6-43, 
Val (Pn + (ae Zn) Cos II fe ais ay Okey —“Un 


By 7-2 and 7-24, the solution of II P.z.t [1Q,-c, = 0is 


Weer, c= T] P} on a, = 11 0+u:-{]] P} 
And [5-951] -{][ P} = >> -P. 


(b) Since the order of terms in a function is immaterial, and 

for any order of the variables in the argument of a function there is a 

normal form of the function, z, in the above may be any one of the 

vyarlablés.ine? (tyy%o, ... rn), and f(a, @, ... Mn-1) and f ‘(xi, we, 

. @n—1) each some function of the remaining n — 1 variables. 
Therefore, the theorem holds for any one of the variables, 2,. 

That a single equation gives a solution for any number of unknowns 

is another peculiarity of the algebra, due to the fact that from a single 

equation any number of unknowns may be eliminated. 
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As an example of the last theorem, we give the solution of the exemplar 
equation in two unknowns, first directly from the theorem, then by elimina- 
tion and solution for each unknown separately. 

(1) Avy+B-wy+Cx-y+D-x-y = 0 has the equation of condition, 


ADAG Dae) 

Provided this be satisfied, the solutions for x and y are 
BDexc-A+-C, or «= BD+u(-A+-C) 
CDecyc-A+-B, or y =CD+u(-A+-B) 

(2) Avy+B-xvy+Cx-y+D-x-y = 0 is equivalent to 
(a) (Av+B-x) y+ (Cx+D-z) -y = 0 
and to (b) (Ay+C-y)a+(By+D-y) -x = 0 
Eliminating y from (a), we have 
(Av+B-zx)(Cx+D-xz) = ACrx+BD-z =0 
The equation of condition with respect to 2 is, then, 
(A ©) (BD) =.A4 BCD 0 
And the solution for x is 
BDecxc-(AC), or x =BD+u--(AC). And -(4AC) =-4+-C 
Eliminating x from (b), we have 
(Ay+C-y)(By+D-y) =ABy+CD-y =0 


The equation of condition with respect to y is, then, 4 BCD =0. And 
the solution for y is 


CDcyc-(A B), or y=CD+v--(A B). And -(4 B) = -A+-B 


Another method of solution for equations in two unknowns, x and y, 
would be to solve for y and for -y in terms of the coefficients, with x and u 
as undetermined parameters, then eliminate y by substituting this value 
of it in the original equation, and solve for x. By a similar substitution, 
« may then be eliminated and the resulting equation solved for y. This 
method may inspire more confidence on the part of those unfamiliar with 
this algebra, since it is a general algebraic method, except that in other 
algebras more than one equation is required. 

The solution of A «y+ B-«wy+Cx-y+D-x-y = 0 for y is 


y = (Ca+D-z)+u--(Act+B-z) = (C+u-A)e+(Dtu -B) -a 
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The solution for -y is 
-y = (Ax+B-x)+0--(Cx+D-zx) = (A+0-C)x+(B+v0-D) -x 

Substituting these values for y and -y in the original equation, 
(A v+B-a)[((C+u-A)xv+(D+u-B) -2] 

+(Ca+D-zx)[(A +0-C) x + (B+v-D) -2] 
A (C+u-A)x+B(D+u-B) -v+C (At+v-C)hxt+D (Bev-D) -x 
ACa+BD-zx = 0. 
Hence BDcauc-A+-C. 


Theoretically, this method can be extended to equations in any number of 
unknowns: practically, it is too cumbersome and tedious to be used at all. 


7-52 Any equation in n unknowns, of the form 
PAG econ Aer a Chiat ees) 


gives a solution for each of the unknowns as follows: Let x, be any one 
of the unknowns; let Pi, Ps, Ps, ... Q1, Qo, Q3, ... be the coefficients in F, 
and M,, Ms, Ms, ... Ni, No, Nz, ... the coefficients of the corresponding 
terms in f, so that P, and M, are coefficients of terms in which a; is positive, 
and Q, and N, are coefficients of terms in which a; is negative. The solu- 
tion for x; then is 

II (@,-N,+-Q, .N,) cx, ¢ >> (P, M,+-P,-M,) 


or te = I] (Q,-N,+-Q, N,) +u- > (P, M,+-P,-M,) 


: 

Belo mel Ce eres = mete) is equivalent eto 
@(x1, Zo, ... Xn) = 0, where ® is a function such that if A, and B, 
be coefficients of any two corresponding terms in F and f, then the 
coefficient of the corresponding term in ® will be 4,-B,+-A, B,. 
Hence, by 7-51, the solution will be 

II (Q,-N,+-Q, N,) ca, ¢ >> -(P,-M,+-P, M,) 
‘ ; 


or ae = TI (Q,-N,+-Q, N,) +u- >, -(P,-M,+-P, M,) 


And-(6-4)-—¢P; -Me+-P, M,) = (P, M,+-P, -M,). 


7-53 The condition that m equations in n unknowns, each of the form 
F(e1, #2, ... Xn) = 0, may be regarded as simultaneous, is as follows: 
Let the coefficients of the terms in F', in the equation F(a, v2, ... tn) = 0, 
be Pi!, Pst, Pst, ... Qr, Qo', Qs', ...; let the coefficients of the. corre- 
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sponding terms in F®, in the equation F?(a1, a, ... %) = 0, be Pr’, P2’, 
P32, ... Q2, Q:?, Qs, ...; the coefficients of the corresponding terms in 
F, in the equation F™(21, 42, ... %) = 0, be Pi”, P2™, Ps™, ... Qi”, Qo™, 
Qs™, .... The condition then is 
TL (2 Px TIX @1 = 0 
r h r h 
Or if C,” be any coefficient, whether P or Q, in F*, the condition is 
Il [d CFI = 0 
And the solution which n such equations give, on this condition, for any 
one of the unknowns, 2;, is as follows: Let P;’, Ps", P3', ... be the coef- 
ficients of those terms, in any one of the equations /* = 0, in which 2; is 
positive, and let Q,*, Qo", Qs", ... be the coefficients of those terms, in 
F* = 0, in which a; is negative. The solution then is 


TL (X QNem¢ DUT -P4 


, 


or a, = I] [2 Q,J+u- >> ([] -P,4] 


r r h 
By 6-42, m equations in n unknowns, each of the form F(a, x2, 
. &) = 0, are together equivalent to the single equation ®(21, 2, 
. &n) = 0, where each of the coefficients in ® is the sum of the 
corresponding coefficients in F!, F?, F3, ... F™. That is, if P#, P?, 
... P,” be the coefficients of corresponding terms in F!, F?, ».. F™, 
then the coefficient of the corresponding term in ® will be 


Pi + Pe fy eh P.”, or yy PS 
h 
and if Q,1, Q,?, ... Q," be the coefficients of corresponding terms in 
I, F?, ... F™, then the coefficient of the corresponding term in ® 


will be 
(),1 mh Oe +. ..+ 0.” or Sy OQ 
h 


The equation of condition for ® = 0, and hence the condition that 


Fi=0, F?=0, ... F™ =0 may be regarded as simultaneous, is 
the equation to 0 of the product of the coefficients in ©; that is, 


Dd, Py x Dd) Pot x >) Pi x. % DQ * YO * D> OF xn... = 0 
h h h h h h 
or iM [d P,P] x Hid Q;"] = 0 


And by 7-51, the solution of (a1, v2, ... Xn) = 0 for a; is 


II [dX O”) cia, e 2 Th P,"] 


r 
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ft r h 
And by 5:95, -[>> P,"] = JI -P,*. 
h h 


7:54 The condition that m equations in n unknowns, each of the form 
UH CO pane acura! alana ees aN 


may be regarded as simultaneous, is as follows: Let the coefficients in F', 
Inethevequation = f?, be Py Ps, Ps... QO) O72, Os)... andilet the 
coefficients of the corresponding terms in f1, in the equation F' = f!, be 
M1}, M2}, M;',... Ni, No, N31, ...; let the coefficients of the corresponding 
terms in Fein thevequation Ff? =747,.be P,P, Ps) 2. 2, Os, Cs es 
and let the coefficients of the corresponding terms in f? be M2, M.2, M;?, 
... Ny’, No’, N3?, ...; let the coefficients of the corresponding terms in F”, 
ime erequaion ds yee 5 fof ed se G1 Ga Qa” pees SILO. 
let the coefficients of the corresponding terms inf” be M,”, M.", M3”, 
... Ny™, Nom, N3™, .... The condition then is 
Hl [2d (Pe -M,' a =i M;”)| x Hts (Q," ae a -Q," ee = 0 
or if A,” represent any coefficient in F’, whether P or Q, and B,’ represent 
the corresponding coefficient in f ”, whether M or N, the condition is 
ID (> (4, -B,2 + -A," B,")] = 0 
r h 
And the solution which m such equations give, on this condition, for any 
one of the unknowns, zz, is as follows: Let P,” and M," be the coefficients 
of those terms, in any one of the equations F’ = f *, in which a; is positive, 
and let Q,” and N,* be the coefficients of the terms, in F* = f*, in which a, 
is negative. The solution then is 


II ps (Q,+ -N,' +-Q," N,*)] ca, ¢ >> OL (2 Mt +-P,t -M,")] 


, r h 


or m% = II [D0 QF -NP+-Q) NA) +u- DUT (PA Mh + PAM) 
h 


12 Tr h 

Bea lo Oot) = to (21) Wey we en) lS eQuivelentsto 
W (a1, Ueo,<.. 2n) = 0, where ¥ is a function such that if Q,” and N,* 
be coefficients of corresponding terms in #” and f”, the coefficient 
of the corresponding term in W will be Q,?-N,"+-Q," N,", and if 
P, and M,’ be coefficients of corresponding terms in J” and f ", the 
coefficient of the corresponding term in W will be P, -M," +-P," M,". 
And -(P-M,'+-P,* M) = PM, +-P/-M,'. 
Hence the theorem follows from 7-53. 
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F (21, %2, ... @n) = f (a1, 2, ... tn) is a perfectly general equation, since 
F and f may be any expressions in the algebra, developed as functions of 
the variables in question. 7-54 gives, then, the condition and the solution 
of any number of simultaneous equations, in any number of unknowns, for 
each of the unknowns. This algebra particularly lends itself to generaliza- 
tion, and this is its most general theorem. It is the most general theorem 
concerning solutions in the whole of mathematics. 

Boole’s General Problem.—Boole proposed the following as the general 
problem of the algebra of logic.!! 

Given any equation connecting the symbols x, y, ... w, 2, .... Re- 
quired to determine the logical expression of any class expressed in any 
way by the symbols 2, y, ... in terms of the remaining symbols w, 2, .... 
We may express this: Given ¢ = f(z, y, ...) and ®(z, y, ...) = Ww, 2, 
...); to determine ¢ in terms of w, 2, .... This is perfectly general, since 
if xz, y, ... and w, z, ... are connected by any number of equations, there 
is, by 7-1 and 5-72, a single equation equivalent to them all. The rule 
for solution may be stated: Reduce both ¢t = f(a, y, ...) and ®(a, y, ...) 
= V(w, z, ...) to the form of equations with one member 0, combine them 
by addition into a single equation, eliminate x, y, ..., and solve fort. By 
7-1, the form of equation with one member 0 is equivalent to the other 
form. And by 5-72, the sum of two equations with one member 0 is 
equivalent to the equations added. Hence the single equation resulting 
from the process prescribed by our rule will contain all the data. The 
result of eliminating will be the complete resultant which is independent 
of these, and the solution for ¢ will thus be the most complete determination 
of ¢ in terms of w, z, ... afforded by the data. 


Consequences of Equations in General.—A word of caution with refer- 
ence to the manipulation of equations in this algebra may not be out of 
place. As compared with other algebras, the algebra of logic gives more 
room for choice in this matter. Further, in the most useful applications 
of the algebra, there are frequently problems of procedure which are not 
resolved simply by eliminating this and solving for that. The choice of 
method must, then, be determined with reference to the end in view. But 
the following general rules are of service: 

(1) Get the completest possible expression = 0, or the least inclusive 
possible expression = 1. 
at+b+c+...=0 gives a=0,6=0,c=0,...,a+b=0,atc =0, 

Laws of Thought, p. 140. 
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etc. But a = 0 will not generally give a+b = 0, etc. Also, a = 1 gives 
a+b=1,a+... = 1, buta+b = 1 will not generally give a = 1. 

(2) Reduce any number of equations, with which it is necessary to deal, 
to a single equivalent equation, by first reducing each to the form in which 
one member is 0 and then adding. The various constituent equations 
can always be recovered if that be desirable, and the single equation gives 
other derivatives also, besides being easier to manipulate. Do not forget 
that it is possible so to combine equations that the result is less general 
than the data. If we havea = Oand b = 0, we have alsoa = b, orab = 0, 
or a+b = 0, according to the mode of combination. But a+b = 0 is 
equivalent to the data, while the other two are less comprehensive. 

A general method by which consequences of a given equation, in any 
desired terms, may be derived, was formulated by Poretsky,' and is, in 
fact, a corollary of his Law of Forms, given above. We have seen that 
this law may be formulated as the principle that if a = b, and therefore 
a-b+-ab =0 and ab+-a-b = 1, then any ¢ is such that a-b+-abct 
and tcab+-a-b, or any t = the ¢ which contains the “zero member” 
of the set of equations equivalent to a = b, and is contained in the “whole 
member” of this set. Now if act, ua ct, for any u whatever, and thus the 
“zero member” of the Law of Forms may be multiplied by any arbitrarily 
chosen wu which we choose to introduce. Similarly, if ¢cy, then tcy+2, 
in the Law of Forms may be increased by the 


d 


and the “whole member’ 
addition of any arbitrarily chosen v. This gives the Law of Consequences. 
7-6 Ifa=b, thent = (ab+-a-b+u) t+v (a-b + -ab) -t, where wu and v 
are arbitrary. 
[7-11-12] Ifa =), then a-b+-ab = 0 and ab+-a-b = 1. 
Hence (ab+-a-b+u) t+ (a-b+-ab) -t = (L+u)t+0-0--t =. 
This law includes all the possible consequences of the given equation. 
First, let us see that it is more general than the previous formulae of elimina- 
tion and solution. Given the equation A x+B-x = 0, and choosing A B 
for t, we should get the elimination resultant. 
If da+B-zx =0, then 4 B = (-Av+-B-xtu) AB 
+v(Avt+B-x)(-d +-B) 
=uABt+v(A-But+-A B-z). 
Since wu and v are both arbitrary and may assume the value 0, there- 
fore A B = 0. 
12 Sept lois, etc., Chap. Xu. 
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But this is only one of the unlimited expressions for A B which the law 
gives. Letting u = 0, and v = 1, we have 
AB=A-B2r+-AB-x 
Letting wu = A and » = B, we have 
AB=AB+-AB-z 
‘And so on. But it will be found that every one of the equivalents of A B 
which the law gives will be null. 
Choosing x for our t, we should get the solution. 
If Ax+B-x = 0, then « = (-Ax+-B-rt+u)rt+v(Ar+B-z) -x 
= (-Atu)utvB-e. 


Since wu and » may both assume the value 0, 


x= -A'o, or ac-A (1) 
And since wu and v may both assume the value 1, 
z=a+B-z, or B-xcx 
But if B =z ca, then B-x = (B-xz) 2 = 0, or Bes (2) 


Hence, (1) and (2), Bcac-A. 
When uw = 0 and v = 1, the Law of Consequences becomes simply the Law 
of Forms. For these values in the above, 


x=-Arv+B-x 


which is the form which Poretsky gives the solution for 2. 

The introduction of the arbitraries, w and v, in the Law of Consequences 
extends the principle stated by the Law of Forms so that it covers not 
only all equivalents of the given equation but also all the non-equivalent 
inferences. As the explanation which precedes the proof suggests, this is 
accomplished by allowing the limits of the function equated to ¢ to be 
expressed in all possible ways. If a = b, and therefore, by the Law of 
Forms, 

t = (ab+-a-b) t+ (a-b+-a b) -t 


the lower limit of 7, 0, is expressed as a -b +-a b, and the upper limit of f, 
1, is expressed as ab+-a-b. In the Law of Consequences, the lower 
limit, 0, is expressed as v (a-b+~-a b), that is, in all possible ways which 
can be derived from its expression as a -b +-ab; and the upper limit, 1, is 
expressed as a b+ -a -b + u, that is, in all possible ways which can be derived 
from its expression as ab+-a~-b. Since an expression of the form 


t= (ab+-a-b) t+ (a-b+-ab) -t 


The Classic, or Boole-Schréder, Algebra of Logic 165 


or of the form ¢ = (ab+-a-b+u) t+v(a-b+-ab) -t 
determines ¢ only in the sense of thus expressing its limits, and the Law of 
Consequences covers all possible ways of expressing these limits, it covers 
all possible inferences from the given equation. The number of such 
inferences is, of course, unlimited. The number expressible in terms of n 
elements wilk be the number of derivatives from an equation with one 
member 0 and the other member expanded with reference to n elements. 
The number of constituent terms of this expanded member will be 2”, 
and the number of combinations formed from them will be 22”. Therefore, 
since pit Pot pst... =O gives p; = 0, po = 0, ps = 0, etc., this is the 
number of consequences of a given equation which are expressible in terms 
of n elements. 

As one illustration of this law, Poretsky gives the sixteen determinations 
of a in terms of the three elements, a, b, and c, which can be derived from 
the premises of the syllogism in Barbara: ¥ 


If all a is 6, a-b = 0, 
and all b is ¢, b-c = 0, 
then a-b+b-c = 0, and hence, 
a=a(b+-c) =a(b+c) =a(-b+c) =atb-c =ab =a (bcer+-b-c) 

= b-cta(be+—-b-c) =ac=b-ct+ac =a (-b+c)+-ab-c =abe 

=b-c+abe =a(bct-b—-c)+-ab-c =act+-ab-c =abcer+-ab-c 

The Inverse Problem of Consequences.—Just as the Law of Conse- 
quences expresses any inference from a = b by taking advantage of the fact 
that if a-b+-ab =0, then (a-b+-ab)v = 0, and if ab+-a-b = 1, 
then ab+-a-b+u = 1; so the formula for any equation which will give 
the inference a = b can be expressed by taking advantage of the fact that if 
v (ab+-a-b) = 1, then ab+-a-b = 1, and if a-b+-ab+u =0, then 
a-b+-ab =0. We thus get Poretsky’s Law of Causes, or as it would 
be better translated, the Law of Sufficient Conditions.“ 
7-7 If for some value of wand some value of v 

t= v(ah+-a-b) t+ (a-b+-ab+ wu) -t, 
then a = 0. . 
If ¢=v(ab+-a-b) t+ (a-b+-ab+u) -t, then [7-1, 5-72] - 
[v (ab+-a-b) t+ (a-b+-ab+u) -t] -t = 0 . 
= (a-b+-ab+u) -t = (a-b+-ab) t+u-t = 0 


13 Jhid., pp. 98 ff. 
4 Tbid., Chap. XXIII. 
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Hence (a-b+-ab) -t = 0 (1) 
Hence also [5-7] t = v (ab+-a-b) t, and [4-9] 
t--[v (ab+-a-b)] = 0 =t (-v+a-b+-ab) = t-v+(a-b+-ab)t 


Hence [5-72] (a-b+-ab)t = 0 (2) 
By (1) and (2), (a-b+-a b)(t+-t) = 0 = a-b+-ab. 
Hence[7- 1] a = 0b. 
Both the Law of Consequences and the Law of Sufficient Conditions 
are more general than the Law of Forms, which may be derived from either. 
Important as are these contributions of Poretsky, the student must not 
be misled into supposing that by their use any desired consequence or 
sufficient condition of a given equation can be found automatically. The 
only sense in which these laws give results automatically is the sense in 
which they make it possible to exhaust the list of consequences or conditions 
expressible in terms of a given set of elements. And since this process is 
ordinarily too lengthy for practical purposes, these laws are of assistance 
principally for testing results suggested by some subsidiary method or by 
One has to discover for himself what values of the arbitraries 


5) 


“intuition ”’. 
u and v will give the desired result. 


V. FunpAMENTAL Laws oF THE THEORY OF INEQUATIONS 


In this algebra, the assertory or copulative relations are = and c. 
The denial of a = b may conveniently be symbolized in the customary way: 


8-01 ‘a + bis equivalent to “a = b is false”. Def. 
We might use a symbol also for “a cb is false”. But since a €b is equiva- 
lent to ab = aand toa-b = 0, its negative may be represented by ab + a 


or by a-b + 0. It is less necessary to have a separate symbolism for 


d ‘ 


“ach is false”, since “a is not contained in b” is seldom met with in logic 
except where a and b are mutually exclusive,—in which case ab = 0. 
For every proposition of the form “If P is true, then Q is true ’’, there is 


’ 


another, “If Q is false, then P is false”. This is the principle of the reductio 
ad absurdum,—or the simplest form of it. In terms of the relations = 
and =, the more important forms of this principle are: 

(1) “If a = 6, then c = d@”, gives also, “If ¢ + d, then a + 5”. 

(2) “Ifa = b,thene = dandh = k”, gives also, “Ife + d, thena + b”, 
and “If 4 + k, then a = 6”. 

(3) “Ifa = bande = d, then h = hk”, gives also, “If a = band h + k, 
then c + d’, and “Ife = dandh + k, thena + b”’. 
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(4) “a = b is equivalent to ¢ = d”, gives also, “a + b is equivalent 
too 07% 

(5) “a = 6 is equivalent to the set, c=d, h=k, ...,” gives also, 
“a + b is equivalent to ‘Either c + dorh +k, or ...’”.% 

The general forms of these principles are themselves theorems of the 
“calculus of propositions’’—the application of this algebra to propositions. 
But the calculus of propositions, as an applied logic, cannot be derived 
from this algebra without a circle in the proof, for the reasoning in demon- 
stration of the theorems presupposes the logical laws of propositions at 
every step. We must, then, regard these laws of the reductio ad absurdum, 
like the principles of proof previously used, as given us by ordinary logic, 
which mathematics generally presupposes. In later chapters, we shall 
discuss another mode of developing mathematical logic—the logistic 
method—which avoids the paradox of assuming the principles of logie in 
order to prove them. For the present, our procedure may be viewed simply 
as an application of the reductio ad absurdum in ways in which any mathe- 
matician feels free to make use of that principle. 

Since the propositions concerning inequations follow immediately, for 
the most part, from those concerning equations, proof will ordinarily be 
unnecessary. 

Elementary Theorems.—The more important of the elementary propo- 
sitions are as follows: 


8-1 li ace + bc, then a = 0. 


[2-1] 

8-12 Ifat+tc + b+ce, then a + bd. 
[3-37] 

8-13 a + bd is equivalent to -a + -b. 
[3-2] 

8-14 a+b+b,ab+a, -a+b +1, and a-b + 0 are all equivalent. 
[4-9] 

S15 lt ae) =« and b= 2, then a + 0- 
[5-7] 

8-151 Ifa=0and6=+ zg, then a+b +z. 
[5-7] 

8-16 Ifab =z and b +2, then a + 1. 
[5-71] 

15 “Hither . or .. .’”’ is here to be interpreted as not excluding the possibility that 


both should be true. 
16 Chap. Iv, Sect. vi, and Chap. v. 
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8-161 Ifa=1 and b + 2, then ab = «. 


[5-71] 

8-17 If a+b + 0 and a = 0, then b + 0. 
[5-72] 

8918 elf ao = land @=— 1, then oe L 
[5-73] 


8-17 allows us to drop null terms from any sum + 0. In this, it gives 
a rule by which an equation and an inequation may be combined. Suppose, 
for example, a+b + 0 and az = 0. 
a+b = (at+b)(vt+-xv) =artebuta-x+b-z. 
Hence axtbata-x+bh-x + 0. 
Buthitwe—0sthen aa.—-0 and ba = 0. 
Hence [8-17] a-~+b-xv + 0. 


8:2 Ifa+0, then a+b + 0. 

272 
S21 lf@== 1, then @b = 1, 

[5-73] 
8222). lf ob -=:0, then a.2= 0 and b= 0: 

[1-5] 
8-23 li a+b = 1, then a = J and 6 = 1. 

[4-5] 
8-24 Ifiab=+ 2 and a =~, then b + z. 

[1-2] 
8-25 Ifa+0andacb, then b + 0. 

fi? 9] Tfa¢b, then ab = a. 

Hence if a + 0 and acb, then ab + 0. 
Hence [8-22] b + 0. 

8:26 at+b + 0 is equivalent to “Either a + 0 orb +0”. 

[5-72] 
8-261 a, +d.+a3+... + 0 is equivalent to “Either a; + 0 or as + 0 or 
Gee Oe. aero : 
8:27 ab + 1 is equivalent to “Either a + 1 orb +1”. 

[5-73] 
8-271 d:a.a3... = 1 is equivalent to “Either a; +1 or ag +1 or 
Gs =F) LOT sane 

The difference between 8-26 and 8-27 and their analogues for equa- 

tions—5-72 a+b = 0 is equivalent to the pair, a = 0 and b = 0, and 
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5-73 ab = 1 is equivalent to the pair, a = 1 and b = 1—points to a neces- 
sary difference between the treatment of equations and the treatment of 
inequations. Two or more equations may always be combined into an 
equivalent equation; two or more inequations cannot be combined into 
an equivalent inequation. But, by 8-2, a+b + 0 is a consequence of the 
pair, a)=--Orand 0) 42.0)! 

Equivalent Inequations of Different Forms.—The laws of the equiva- 
lence of inequations follow immediately from their analogues for equations. 
8:3 a + bis equivalent to a-b+-ab + 0. 

ieee 
8-31 a+ 1 is equivalent to -a + 0. 

ae 
Brose i Or ats. te, and V(x, %, .4.°2,). be any two functions of 
the same variables, then 


€(X1, ABW ook Gay ae W(x, HOY, Bac a) 
is equivalent to F(x1, v2, ... Yn) + 0, where F is a function of these same 
variables and such that, if A, As, As, etc., be the coefficients in ® and 
B;, Bo, Bs, ete., be the coefficients of the corresponding terms in WV, then 
the coefficients of the corresponding terms in F will be 4,-B,+-4A, Bi, 
As -B, + -A, Bo, As -B; as -A; B;, UC: 
[7-13] 
Poretsky’s Law of Forms for inequations will be: 
8-33 a + 0 is equivalent to t+ a-t+-at. 
[7-15] 
Or in more general form: 
8:34 a+b is equivalent tot + (ab+-a-b) t+ (a-b+-a b) -#. 
[7-16] 
Elimination.—The laws governing the elimination of elements from an 
inequation are not related to the corresponding laws governing equations 
by the reductio ad absurdum. But these laws follow from the same theorems 


concerning the limits of functions. 


8-4 IfAxv+B-x +0, then A+B + 0. 
[6-3] da+B-xcA+B. Hence [8-25] Q.E.D. 


8-41 If the coefficients in any function of n variables, (a1, @, ... 2n), 
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be GC, 0; ete. and if Paya, ¢.0 2.) Fy then 
Dy 0 
[6-32] Fax, wo, ... tn) ¢C. Hence [8-25] Q.E.D. 

Thus, to eliminate any number of elements from an inequation with 
one member 0, reduce the other member to the form of a normal function 
of the elements to be eliminated. The elimination is then secured by 
putting + 0 the sum of the coefficients. The form of elimination resultants 
for inequations of other types follows immediately from the above. It is 
obvious that they will be analogous to the elimination resultants of equa- 
tions as follows: To get the elimination resultant of any inequation, take 
the elimination resultant of the corresponding equation and replace = by =, 
and x by +. 

A universal proposition in logic is represented by an equation: “All 
aisb” bya-b = 0, “Noaisb” by ab = 0. Since a particular proposition 
is always the contradictory of some universal, any particular proposition 
may be represented by an inequation: “Some a is b” by ab + 0, “Some 
ais not b” by a-b + 0. The elimination of the “middle” term from an 
equation which represents the combination of two universal premises 
gives the equation which represents the universal conclusion. But elimina- 
tion of terms from inequations does not represent an analogous logical 
process. Two particulars give no conclusion: a particular conclusion 
requires one universal premise. The drawing of a particular conclusion is 
represented by a process which combines an equation with an inequation, 
by 8-17, and then simplifies the result, by 8-22. For example, 


All a is b, a-b=0. ab Gees 
Some a is ¢, ac (. -. abc+a-bce+0. 
tb 6s ner 
Some 0 is c. ~. be = 0, [8-22] 


“Solution” of an Inequation.—An inequation may be said to have a 
solution in the sense that for any inequation involving x an equivalent 
inequation one member of which is x can always be found. 


8:5 Aax+B-zx + 0 is equivalent to z + -d2+B-z. 
[7-23] 
8-51 Aav+B-x + 0 is equivalent to “Either B-x +0 or Ax + 0 — 


1. e., to “Either B cz is false or x ¢—A is false ”’. 
[7-2] 
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Neither of these “solutions” determines x even within limits. “Bez 
is false’ does not mean “B is excluded from x’’; it means only “B is not 
wholly within x”. “Either Bew is false or x ¢-A is false” does not 
determine either an upper or a lower limit of x; and limits 2 only by ex- 
cluding B+ w-A from the range of its possible values. Thus “solutions” 
of inequations are of small significance. 

Consequences and Sufficient Conditions of an Inequation.—By Poret- 
sky’s method, the formula for any consequence of a given inequation follows 
from the Law of Sufficient Conditions for equations.!’7 If for some value 
of wand some value of 2, 


t=v(ab+-a-b) t+ (a-b+-ab+uw) -t 
then a = b. Consequently, we have by the reductio ad absurdum: 
8:52 If a+b, then t+ 0(ab+-a-b) t+ (a-b+-ab+u)-t, where wu 
and v are arbitrary. 
[7-7] 
The formula for the sufficient conditions of an inequation similarly fol- 
lows from the Law of Consequences for equations. If a = b, then 
t= (ab+-a-b+u)t+v(a-b+-ab) -t 
where wu and » are arbitrary. Consequently, by the reductio ad absurdum: 
8-53 If for some value of w and some value of 2, 
t+ (ab+-a-b+u) t+ (a-b+-a b) -t 
then a + b. 
[7-6] 

System of an Equation and an Inequation.—If we have an equation in 
one unknown, 2, and an inequation. which involves x, these may be combined 
in either of two ways: (1) each may be reduced to the form in which one 
member is 0 and expanded with reference to all the elements involved in 
either. Then all the terms which are common to the two may, by 8-17, 
be dropped from the inequation; (2) the equation may be solved for 2, 
and this value substituted for 2 in the inequation. 

8-6 If da+B-zv =0 and Cx+D-zx + 0, then -A Cx+-B D -zx = 0. 
[5-8] If Ca+D-a + 0, then 
ACu+-ACx+BD-xv+-B D -x + 0 


17 See Poretsky, Théorie des non-égalités logiques, Chaps. 71, 76. 
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[5-72] If da +B-x =0, then Az = 0 and B-x = 0, and hence 
ACzx=0 and BD-7 = 0, 
Hence [8-17] -d Ca+-B D -x + 0. 
The result here is not equivalent to the data, since—for one reason— 
the equation A Cva+BD-x =0 is not equivalent to Ax+B-x = 0. 
Nevertheless this mode of combination is the one most frequently useful. 


8:61 The condition that the equation A «+B -x = 0 and the inequation 
Cx+D-x + 0 may be regarded as simultaneous is, 4 B = 0 and -AC 
+-B D + 0, and the determination of 2 which they give is 
a + (-A-C+A-D)2+(BC+-B D) -2 
[7-23] Aa+B-x =0 is equivalent to x = -Aa2+B-zx. Substi- 
tuting this value of 2 in the inequation, 
C (-Av+B-a)+D(Axr+-B-z) + 0 
or (-A C+AD)x+(BC+-BD) -x + 0. 
[8-4] A condition of this inequation is 
(-A C+AD)+(BC+-BD) +0, 


or (-4 +B) C+(4+-B)D + 0. 

But the equation A «+ B-zx = 0 requires that A B = 0, and hence 
that -4 +B =-A and -B+A =-B. 

Hence if the equation be possible and A B = 0, the condition of the 
inequation reduces to -A C+-B D + 0. 

[8-4] If the original inequation be possible, then C+D +0. But 
this condition is already present in -A C+-B D + 0, since -A Cc C 
and hence [8-25] if -4 C +0, then C +0, and -BDcD and 
hence if -B D + 0, then D + 0, while [8-26] C+ D + 0 is equivalent 
to “Either C + 0 or D + 0”, and -A C+-B D + 0 is equivalent to 
“Either -4 C + Oor-BD+0”. 

Hence the entire condition of the system is expressed by 


A B= 0 and -AC+-BD +0 
And [8-5] the solution of the inequation, 
(-A C+AD)x+(BC+-BD) -x + 0, is 
x + (-A-C+A-D)x+(BC+-BD) -z 


This method gives the most complete determination of x, in the form of 
an inequation, afforded by the data. 
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VI. Norse oN THE INVERSE OPERATIONS, “SUBTRACTION”’ AND 
“ DIVISION” 


It is possible to define “subtraction” {—} and “division” { : } in the 
algebra. Let a — b be x such that b+2 =a. And let a:b be y such 
that by =a. However, these inverse operations are more trouble than 
they are worth, and should not be admitted to the system. 

In the first place, it is not possible to give these relations a general 
meaning. . We cannot have in the algebra: (1) If a and b are elements 
in K, then a:b is an element in K; nor (2) If a and 6b are elements in K, 
then a — 6 is an element in K. If a:b is an element, y, then for some y 
it must be true that by =a. But if by =a, then, by 2-2, acby and, 
by 5-2, acb. Thus if a and b be so chosen that a cb is false, then a : b 
cannot be any element in K. To give a:b a general meaning, it would 
be required that every element be contained in every element—that is, 
that all elements in K be identical. Similarly, if a — b be an element, 
x, in K, then for some 2, it must be true that b+2 =a. But if b+z =a, 
then, by 2-2, b+2 ca and, by 5-21, bca. Thus if a and b be so chosen 
that b ca is false, then a — b cannot be any element in K. 

Again, a — b and a:b are ambiguous. It might be expected that, 
since a+-a = 1, the value of 1 — a would be unambiguously -a. But 
1 — a = zis satisfied by any 2 such that -aca. For 1 — a = 2 is equiva- 
lent to x+a = 1, which is equivalent to 

-(eta) =-l=0=-a-u 
And -a-x = 0 is equivalent to -aca. Similarly, it might be expected 
that, since a-a = 0, the value of 0 : a would be unambiguously -a. But 
0:a=y, oray = 0, is satisfied by any y such that yc-a. ay = 0 and 
y ¢-a are equivalent. ; 

Finally, these relations can always be otherwise expressed. The value 
of a: b is the value of y in the equation, by = a. by = ais equivalent to 


I 


-aby+a-b+a-y =0 
The equation of condition here is a-b = 0. And the solution, on this 
condition, is 
y =atu(at-b) = ab+u-a-b, where u is undetermined. 
The value of a — b is the value of 2 in the equation, b+x =a. bt+tx=a 


is equivalent to 
-ab+-axt+a-b-x = 0 


174 A Survey of Symbolic Logic 


The equation of condition here is, -ab = 0. And the solution, on this 
condition, is 
x=a-b+va =a-b+vab, where v is undetermined. 


In each case, the equation of condition gives the limitation of the meaning 
of the expression, and the solution expresses the range of its possible values. 
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APPLICATIONS OF THE BOOLE-SCHRODER ALGEBRA 


There are four applications of the classic algebra of logic which are 
commonly considered: (1) to spatial entities, (2) to the logical relations 
of classes, (3) to the logical relations of propositions, (4) to the logic of 
relations. 

The application to spatial entities may be made to continuous and 
discontinuous segments of a line, or to continuous and discontinuous regions 
in a plane, or to continuous and discontinuous regions in space of any 
dimensions. Segments of a line and regions in a plane have both been 
used as diagrams for the relations of classes and of propositions, but the 
application to regions in a plane gives the more workable diagrams, for 
obvious reasons. And since it is only for diagrammatic purposes that 
the application of the algebra to spatial entities has any importance, we 
shall confine our attention to regions in a plane. 


I. Dtacrams For THE LoGicaL RELATIONS oF CLASSES 


For diagrammatic purposes, the elements of the algebra, a, b, ¢, etc., 
will denote continuous or discontinuous regions in a given plane, or in a 
circumscribed portion of a plane. 1 represents the plane (or circumscribed 
portion) itself. 0 is the null-region which is supposed to be contained in 
every region. For any given region, a, -a denotes the plane exclusive of 
a,—i. e., not-a. The “product”, a xb or ab, is that region which is com- 
mon toaand b. If aand b do not “overlap ”’, then a b is the null-region, 0. 
The “sum”, a+b, denotes the region which is either a or b (or both). In 
determining a+b, the common region, a b, is not, of course, counted twice 
over. 

atb=a-b+ab+-ab. 
This is a difference between + in the Boole-Schréder Algebra and the + 
of arithmetic. The equation, a = ), signifies that a and b denote the same 
region. acb signifies that a lies wholly within b, that a is included or 
contained in b. It should be noted that whenever a = b,.acb and bca. 
Also, a¢a holds always. Thus the relation ¢ is analogous not to < in 


arithmetic but to =. 
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While the laws of this algebra hold for regions, thus denoted, however 
those regions may be distributed in the plane, not every supposition about 
their distribution is equally convenient as a diagram for the relations of 
classes. All will be familiar with Euler’s diagrams, invented a century 
earlier than Boole’s algebra. “All a is b” is represented by a circle a 
wholly within a circle b; “No ais 6” by two circles, a and 6, which nowhere 
intersect; “Some a is b” and “Some a is not b” by intersecting circles, 
sometimes with an asterisk to indicate that division of the diagram which 
represents the proposition. The defects of this style of diagram are obvious: 


© OO GD QD 


All ais } No ais} Some a is b Some a is not 6 
Imus, a! 


the representation goes beyond the relation of classes indicated by the propo- 
sition. In the case of “All a is b’’, the circle a falls within 6 in such wise 


5) 


as to suggest that we may infer “Some b is not a”’, but this inference is 
not valid. The representation of “No a is b” similarly suggests “Some 
things are neither a nor b’’, which also is unwarranted. With these dia- 
grams, there is no way of indicating whether a given region is null. But 
the general assumption that no region of the diagram is null leads to the 
misinterpretations mentioned, and to others which are similar. Yet 
Euler’s diagrams were in general use until the invention of Venn, and are 
still doing service in some quarters. 

The Venn diagrams were invented specifically to represent the relations 
of logical classes as treated in the Boole-Schréder Algebra.'! The principle 
of these diagrams is that classes be represented by regions in such relation 
to one another that all the possible logical relations of these classes can be 
indicated in the same diagram. That is, the diagram initially leaves room 
for any possible relation of the classes, and the actual or given relation can 
then be specified by indicating that some particular region is null or is not- 
null. Initially the diagram represents simply the “universe of discourse”’, 
or 1. For one element, a, 1 = a+-a.2 For two elements, a and b, 


1 = (a+-a)(b+-b) =ab+a-b+-ab+-a-b 


‘See Venn, Symbolic Logic, Chap. v. The first edition of this book appeared before 
Schréder’s Algebra der Logik, but Venn adopts the most important alteration of Boole’s 
original algebra—the non-exclusive interpretation of a +b. 

*See above, Chap. u, propositions 4-8 and 5-92. 
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For three elements, a, b, and c, 

1 = (at+-a)(b+-b)(c+-c) = abctab-ct+ta-be+-abct+a-b-c 
+-ab-c+-a-bce+-a-b -c 

Thus the “universe of discourse” for any number of elements, n, must 


correspond to a diagram of 2” divisions, each representing a term in the 
expansion of 1. If the area within the square in the diagram represent 


ig, 


the universe, and the area within the circle represent the element a, then 
the remainder of the square will represent its negative, -a. If another 
element, b, is to be introduced into the same universe, then b may be repre- 
sented by another circle whose periphery cuts the first.’ The divisions, 
(1) into a and -a, (2) into 6 and 6, will thus be cross-divisions in the uni- 
verse. If a and b be classes, this arrangement represents all the possible 
subclasses in the universe;—a b, those things which are both a and ); 
a-b, those things which are a but not 6; -ab, those things which are b 
but not a; -a-b, those things which are neither a nor 6b. The area which 
represents the product, ab, will readily be located. We have enclosed 
by a broken line, in figure 2, the area which represents a + b. 

The negative of any entity is always the plane exclusive of that entity. 
For example, -(ab+-a-b), in the above, will be the sum of the other 
two divisions of the diagram, a -b + -a b. 

If it be desired to introduce a third element, c, into the universe, it is 
necessary to cut each one of the previous subdivisions into two—one 
part which shall be in ¢ and one part which shall be outside c. This can be 
be accomplished by introducing a third circle, thus 
It is not really necessary to draw the square, 1, since the area given to the 
figure, or the whole page, may as well be taken to represent the universe. 
But when the square is omitted, it must be remembered that the unenclosed 


13 
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area outside all the lines of the figure is a subdivision of the universe— 
the entity -a, or -a -b, or -a -b -c, ete., according to the number, of elements 


involved. 


Rigs 


If a fourth element, d, be introduced, it is no longer possible to repre- 
sent each element by a circle, since a fourth circle could not be introduced 
in figure 3 so as to cut each previous subdivision into two parts—one part 
in d and one part outside d. But this can be done with ellipses. Each 


a 


Rie. 4 


5 We have deformed the ellipses slightly and have indicated the two points of junction. 
This helps somewhat in drawing the diagram, which is most easily done as follows: First, 
draw the upright ellipse, a. Mark a point at the base of it and one onjthe left. Next, 
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one of the subdivisions in figure 4 can be “named” by noting whether it 
is In or outside of each of the ellipses in turn. Thus the area indicated by 
6 is a bc -d, and the area indicated by 12 is -a-bed. With a diagram of 
four elements, it requires care, at first, to specify such regions as a+c, 
ac+bd, b+-d. These can always be determined with certainty by 
developing each term of the expression with reference to the missing ele- 
ments.* Thus 


ac+bd =ac (b+-b)(d+-d)+bd (a+ -a)(c +-c) 
=abcdtabc-dt+ta-bedta-bc-dt+ab-cd+-abcd +-ab-cd 


The terms of this sum, in the order given, are represented in figure 4 by the 
divisions numbered 10, 6, 9, 5, 14, 11, 15. Hence ac+bd is the region 
which combines these. With a little practice, one may identify such 
regions without this tedious procedure. Such an area as b+-d is more 
easily identified by inspection: it comprises 2, 3, 6, 7, 10, 11, 14, 15, and 
1, 4,:5, 8. 

Into this diagram for four elements, it is possible to introduce a fifth, 
e, if we let e be the region between the broken lines in figure 5. The principle 
of the “square diagram”’ (figure 6) is the same as Venn’s: it represents all 


41 


EGano 


draw the horizontal ellipse, d, from one of these points to the other, so that the line con- 
necting the two points is common to a and d. Then, draw ellipse b from and returning to 
the base point, and ellipse c from and returning to the point on the left. If not done in 
this way, the first attempts are likely to give twelve or fourteen subdivisions instead of 
the required sixteen. 

4See Chap. 7, 5-91. 
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the subclasses in a universe of the specified number of elements. No 
diagram is really convenient for more than four elements, but such are 


a —-a a —a 
ps fa 
‘ pt fae 


Ines, (33 


frequently needed. The most convenient are those made by modifying 
slightly the square diagram of four terms, at the right in figure 6.° Figure 7 


Rie. 7 


gives, by this method, the diagrams for five and for six elements. We give 
also the diagram for seven (figure 8) since this is frequently useful and 
not easy to make in any other way. 

The manner in which any function in the algebra may be specified in a 
diagram of the proper number of divisions, has already been explained. 
We must now consider how any asserted relation of elements—any inclu- 


® See Lewis Carroll, Symbolic Logic, for the particular form of the square diagram which 
we adopt. Mr. Dodgson is able, by this method, to give diagrams for as many as 10 terms, 
1024 subdivisions (p. 176). 
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sion, @¢b, or any equation, a = b, or inequation, a + b—may be repre- 
sented. Any such relation, or any set of such relations, can be completely 
specified in these diagrams by taking advantage of the fact that they 


can always be reduced either to the form of an expression = 0 or to the 
form of an expression + 0. Any inclusion, a cb, is equivalent to an equa- 
tion, a-b = 0.6 And every equation of the form a = b is equivalent to 
one of the form a-b+-ab = 0.7 Thus any inclusion or equation can be 
represented by some expression = 0. Similarly, any inequation of the 
form a + b is equivalent to one of the form a-b+-ab + 0.8 Thus any 
asserted relation whatever can be specified by indicating that some region 
(continuous or discontinuous) either is null, {= 0}, or is not-null, {= 0}. 

We can illustrate this, and at the same time indicate the manner in 
which such diagrams are useful, by applying the method to a few syllogisms. 


Given: All a is , ach, a=b = 0. 
and All b isc, bce, b-c = 0. 


8 See Chap. m1, 4-9. 
7 See Chap. u, 6-4. 
8 See Chap. m1, 7-1. 
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We have here indicated (figure 9) that a -)—the a which is not b—is null 
by striking it out (with horizontal lines). Similarly, we have indicated 
that all } is c by striking out b -c (with vertical lines). Together, the two 
operations have eliminated the whole of a -c, thus indicating that a -c = 0, 
Or se Alleaas cs 4 


cm 


Fig. 9 Fig. 10 


For purposes of comparison, we may derive this same conclusion by 
algebraic processes.° 
Since a-b = 0 = a-b (c+-c) =a-bce+a-b-c, 
and b-c = 0 = b-c (a+-a) =ab-ct+-ab-c, 
therefore, a-bc+a-b-c+ab-c+-ab-c = 0, 
and [5-72] ab-c+a-b-c = 0 =a-c (b+-b) =a-c. 


The equation in the third line, which combines the two premises, states 
exactly the same facts which are represented in the diagram. The last 
equation gives the conclusion, which results from eliminating the middle 
term, b. Since a diagram will not perform an elimination, we must there 
“look for” the conclusion. 

One more illustration of this kind: 


Given: All a is b, a-b = 0. 
and No b is ¢, be = 0, 


The first premise is indicated (figure 10) by striking out the area a -b (with 
horizontal lines), the second by striking out 6c (with vertical lines). To- 
gether, these operations have struck out the whole of ac, giving the con- 
clusion ac = 0, or “No aise”. 


* Throughout this chapter, references in square brackets give the number of the the- 
orem in Chap. 11 by which any unobvious step in proof is taken. 
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In a given diagram where all the possible classes or regions in the uni- 
verse are initially represented, as they are by this method of diagramming, 
we cannot presume that a given subdivision is null or is not-null. The 
actual state of affairs may require that some regions be null, or that some 
be not-null, or that some be null and others not. Consequently, even 
when we have struck out the regions which are null, we cannot presume 
that all the regions not struck out are not-null. This would be going beyond 
the premises. All we can say, when we have struck out the null-regions, 
is that, so far as the premises represented are concerned, any region not 
struck out may be not-null. If, then, we wish to represent the fact that a 
given region is definitely not-null—that a given class has members, that 
there is some expression + 0—we must indicate this by some distinctive 
mark in the diagram. For this purpose, it is convenient to use asterisks. 
That ab + 0, may be indicated by an asterisk in the region ab. But here 
a further difficulty arises. If the diagram involve more than two elements, 
say, a, b, and ec, the region ab will be divided into two parts, abe and 
ab-c. Now the inequation, ab + 0, does not tell us that abe + 0, and 
it does not tell us that ab-c + 0. It tells us only that abc+ab-c + 0. 
If, then, we wish to indicate ab + 0 by an asterisk in the region ab, we 
shall not be warranted in putting it either inside the circle ¢ or outside ce. 
It belongs in one or the other or both—that is all we know. Hence it is 
convenient to indicate a b + 0 by placing an asterisk in each of the divisions 
of ab and connecting them by a broken line, to signify that at least one of 
these regions is not-null (figure 11). 


ab+¥0 


Hie. it 


We shall show later that a particular proposition is best interpreted by 
an inequation; “Some a is 6”, the class ab has members, by ab + 0. 


184 A Survey of Symbolic Logic 


Suppose, then, we have: 
Given: All ais), a-b = 0. 
and Some a is ¢, Ger) 
The conclusion, “Some b is ¢”, is indicated (figure 12) by the fact that 
one of the two connected asterisks must remain—the whole region abe 
+a-be cannot be null. But one of them, in a-bc, is struck out in indi- 
cating the other premise, a-b = 0. Thus abe + 0, and hence ac = 0. 


HiGae2 


The entire state of affairs in a universe of discourse may be represented 
by striking out certain regions, indicating by asterisks that certain regions 
are not-null, and remembering that any region which is neither struck 
out nor occupied by an asterisk isin doubt. Also, the separate subdivisions 
of a region occupied by connected asterisks are in doubt unless all but one 
of these connected asterisks occupy regions which are struck out. And 
any regions which are left in doubt by a given set of premises might, of 
course, be made specifically null or not-null by an additional premise. 

In complicated problems, the use of the diagram is often simpler and 
more illuminating than the use of transformations, eliminations, and solu- 
tions in the algebra. All the information to be derived from such opera- 


ims 


tions, the diagram gives (for one who can “see” it) at a glance. Further 
illustrations will be unnecessary here, since we shall give diagrams in con- 


nection with the problems of the next section. 


II. Tue AppiicaTion To CLAssEs 


The interpretation of the algebra for logical classes has already been 


explained.” a, b, ¢, ete., are to denote classes taken in extension; that is 
10 Chap. 11, pp. 121-22. 
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to say, ¢ signifies, not a class-concept, but the aggregate of all the objects 
denoted by some class-concept. Thus if a = b, the concept of the class a 
may not be a synonym for the concept of the class b, but the classes a and b 
must consist of the same members, have the same extension. acb sig- 
nifies that every member of the class a is also a member of the class b. 
The “product”, a b, denotes the class of those things which are both mem- 
bers of a and members of 6. The “sum’’, a+b, denotes the class of those 
things which are either niembers of a or members of b (or members of both). 
Q denotes the null-class, or class without members. Various concepts may 
denote an empty class—‘‘immortal men’’, “feathered invertebrates’, 
“Julius Caesar’s twin,” etc.—but all such terms have the same extension; 
they denote nothing existent. Thus, since classes are taken in extension, 
there is but one null-class, 0. Since it is a law of the algebra that, for 
every 2, 0¢x, we must accept, in this connection, the convention that 
the null-class is contained in every class. All the immortal men are mem- 
bers of any class, since there are no such. 1 represents the class “every- 
thing ”’, the “universe of discourse ”’, or simply the “universe’”’. This term 
is pretty well understood. But it may be defined as follows: if a, be any 
member of the class a, and X represent the class-concept of the class 2, 
then the “universe of discourse”’ is the class of all the classes, 2, such that 
“dn is an X”’ is either true or false. If “The fixed starg are blind” is 
_neither true nor false, then “fixed stars’? and the class “blind” do not 
belong to the same universe of discourse. 

The negative of a, -a, is a class such that a and -a have no members in 
common, and a and -a between them comprise everything in the universe 
of discourse: a-a = 0, “Nothing is both a and not-a’, and a+-a = 1, 
“Everything is either a or -a”’. 

Since inclusions, a ¢b, equations, a = b, and inequations, a + 0, repre- 
sent relations which are asserted to hold between classes, they are capable 
of being interpreted as logical propositions. And the operations of the 
algebra—transformations, eliminations, and solutions—are capable of 
interpretation as processes of reasoning. It would hardly be correct to 
say that the operations of the algebra represent the processes of reasoning 
from given premises to conclusions: they do indeed represent processes 
of reasoning, but they seldom attain the result by just those operations 
which are supposed to characterize the customary processes of thinking. 
In fact, it is the greater generality of the symbolic operations which makes 


their application to reasoning valuable. 
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The representation of propositions by inclusions, equations, and in- 
equations, and the interpretation of inclusions, equations, and inequations 
in the algebra as propositions, offers certain difficulties, due to the fact 
that the algebra represents relations of extension only, while ordinary logical 
propositions quite frequently concern relations of intension. In discussing 
the representation of the four typical propositions, we shall be obliged to 
consider some of these problems of interpretation. 

The universal affirmative, “ All ais b”’, has been variously represented as, 


(1) a=ab, 
(2) hehe 
(3) a = vb, where v is undetermined, 


(Qa b=" 0, 


All of these are equivalent." The only possible doubt concerns (3) a = v 6, 
where v is undetermined. But its equivalence to the others may be demon- 
strated as follows: 


[7-1] a = vb is equivalent to a--(vb) +-avb = 0. 

But a--(vb) +-av0b =a (-v+-b) +-avb =a-v+a-b+-arb. 
Hence [5-72] if a = vb, then a-b = 0. 

And if a = ab, then for some value of v (i. e., v = a), a = 05. 


These equivalents of “All ais b” would most naturally be read: 


(1) The a’s are identical with those things which are a’s and 6’s both. 

(2) ais contained in b: every member of a is also a member of bD. 

(3) The class a is identical with some (undetermined) portion of the 
class b. 

(4) The class of those things which are members of a but not members 
of 6 is null. 


If we examine any one of these symbolic expressions of “All a is b”, 
we shall discover that not only may it hold when a = 0, but it always 
holds when a = 0. 0 = 0-b, 0¢b, and 0--b = 0, will be true for every 
element b. And “0 = vb for some value of v”’ is always true—for v = 0. 
Since a = 0 means that a has no members, it is thus clear that the algebra 
requires that “All a is 6” be true whenever no members of a exist. The 
actual use of language is ambiguous on this point. We should hardly say 
that “All sea serpents have red wings, because there aren’t any sea ser- 
pents”’; yet we understand the hero of the novel who asserts “Whoever 


1 See Chap. 7, 4:9. 
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enters here must pass over my dead body”. This hero does not mean to 
assert that any one will enter the defended portal over his body: his desire 
is that the class of those who enter shall be null. The difference of the 
two cases is thiss the concept “sea serpent” does not necessarily involve the 
concept “having red wings”’, while the concept of “those who enter the 
portal’’—as conceived by the hero—does involve the concept of passing 
over his body. We readily accept and understand the inclusion of an 
empty class in some other when the concept of the one involves the concept 
of the other—when the relation is one of intension. But in this sense, an 
empty class is not contained in any and every class, but in some only. In 
order to understand this law of the algebra, “For every 7, 0 ¢x’’, we must 
bear in mind two things: (1) that the algebra treats of relations in extension 
only, and (2) that ordinary language frequently concerns relations of 
intension, and is usually confined to relations of intension where a null 
classisinvolved. The law does not accord with the ordinary use of language. 
This is, however, no observation upon its truth, for it is a necessary law 
of the relation of classes in extension. It is an immediate consequence of 
the principle, “For every y, y ¢1’’, that is, “All members of any class, y, 
are also members of the class of all things”. One cannot accept this last 
without accepting, by implication, the principle that, in extension, the null- 
class is contained in every class. 

The interpretation of propositions in which no null-class is involved is 
not subject to any corresponding difficulty, both because in such cases the 
relations predicated are frequently thought of in extension and because 
the relation of classes in extension is entirely analogous to their relation in 
intension except where the class 0 or the class 1 is involved. But the 
interpretation of the algebra must, in all cases, be confined to extension. 
In brief: “All a is b” must always be interpreted in the algebra as stating 
a relation of classes in extension, not of class-concepts, and this requires 
that, whenever a is an empty class, “All a is b” should be true. 

The proposition, “No a is b”, is represented by ab = 0—“ Nothing is 
both a and 6”, or “Those things which are members of a and of b both, 
do not exist”. Since “No ais b” is equivalent to “All a is not-b”’, it may 
also be represented by a-b = -b, ac-b, bc-a, or a = v-b, where 2 Is 
undetermined. In the case of this proposition, there is no discrepancy 
between the algebra and the ordinary use of language. 

The representation of particular propositions has been a problem to 
symbolic logicians, partly because they have not clearly conceived the 
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relations of classes and have tried to stretch the algebra to cover traditional 
relations which hold in intension only. If “Some a is 6” be so interpreted 
that it is false when the class a has no members, then “Some a is b”’ will 
not follow from “All ais b”, for “All ais b” is true whenever a = 0. But 
on the other hand, if “Some a is b” be true when a = 0, we have two diffi- 
culties: (1) this does not accord with ordinary usage, and (2) “Some a is b” 
will not, in that case, contradict “No ais b”’. For whenever there are no 
members of a (when a = 0), “No ais b” (ab = 0) will be true. Hence if 
“Some ais b”’ can be true when a = 0, then “Some ais b” and “No ais b” 
can both be true at once. The solution of the difficulty lies in observing 
that “Some ais b”’ as a relation of extension requires that there be some a— 
that at least one member of the class a exist. Hence, when propositions 
are interpreted in extension, “Some a is 6” does not follow from “All a 
is 6”, precisely because whenever a = 0, “All a is b” will be true. But 
“Some a is 6”’ does follow from “All a is b, and members of a exist”’. 

To interpret properly “Some a is 6”, we need only remember that it 
is the contradictory of “No ais b”. Since “No a is b”’ is interpreted by 
ab = 0, “Some a is b” will be a b + 0, that is, “The class of things which 
are members of a and of 6b both is not-null’’. 

It is surprising what blunders have been committed in the representation 
of particular propositions. ‘Some a is y” has been symbolized by ay = 2, 
where v is undetermined, and by ua = v y, where w and v are undetermined. 
Both of these are incorrect, and for the same reason: An “undetermined ”’ 
element may have the value 0 or the value 1 or any other value. Conse- 
quently, both these equations assert precisely nothing at all. They are 
both of them true a priori, true of every x and y and in all cases. For 
them to be significant, w and » must not admit the value 0. But in that 
case they are equivalent to x y + 0, which is much simpler and obeys well- 
defined laws which are consonant with its meaning. 

Since we are to symbolize “All a is b” by a-b = 0, it is clear that its 
contradictory, “Some a is not b”’, will be a-b + 0. 

To sum up, then: the four typical propositions will be symbolized as 
follows: 


A. All ais b, a-b = 0. 
EK. No ais 8, ab = (0, 
I. Some a is b, ab == 0, 
O. Some a is not J, a-b + 0. 
Each of these four has various equivalents: 
2 See Chap. m1, 4:9 and 8-14. 
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A. a-b =0, a=ab, -a+b =1, -a+-b = -a, ach, and -b c-a are 
all equivalent. 

E. ab =0, a =a-b, -a+-b = 1, -a+b = -a, ac-b, and bc-a are 
all equivalent. 

I. ab +0, a+a-b, -a+-b + 1, and -a+b + -a are all equivalent. 

O. a-b + 0, a + ab, -a+b + 1, and -a+~-b + -a are all equivalent. 
The reader will easily translate these equivalent forms for himself. 

With these symbolic representations of A, E, I and O, let us investigate 
the relation of propositions traditionally referred to under the topics, 
“The Square of Opposition’’, and “Immediate Inference”’. 

That the traditional relation of the two pairs of contradictories holds, 
is at once obvious. If a-b = 0 is true, then a-b + 0 is false; if a-b = 0 
is false, then a-b + 0 is true. Similarly for the pair, ab = 0 andab + 0. 

The relation of contraries is defined: Two propositions such that both 
may be false but both cannot be true are “contraries”. This relation is 
traditionally asserted to hold between A and E. It does not hold in ex- 
tension: it fails to hold in the algebra precisely whenever the subject of 
the two propositions is a null-class. Ifa = 0, thena-b = Oandab = 0.8 
That is to say, if no members of a exist, then from the point of view of 
extension, “All ais b’’ and “Noaisb” are both true. But if it be assumed 
or stated that the class a has members (a + 0), then the relation holds. 


a=a(b+-b) =ab+a-b. 

Hence if a + 0, then ab+a-b + 0. 

[8-17] Ifab+a-b + 0 anda-b = 0, thenab + 0. (1) 
And if ab+a-b + 0 andab = 0, then a-b + 0. (2) 


We may read the last two lines: 

(1) If there are members of the class a and all a is b, then “No a is 6” 
is false. 

(2) If there are members of the class a and no a is 6, then “All a is 6” 
is false. 

By tradition, the particular affirmative should follow from the universal 
affirmative, the particular negative from the universal negative. As has 
been pointed out, this relation fails to hold when a = 0. But it holds when- 
ever a + 0. We can read ab + 0, in (1) above, as “Some a is b”’ instead 
of ““No ais b’ is false’, and a-b + 0, in (2), as “Some a is not b”’ instead 
of “‘ All a is b’ is false”. We then have: 

13 See Chap. 1, 1-5. 
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(1) If there are members of a, and all a is b, then some a is b. 

(2) If there are members of a, and no a is b, then some a@ is not b. 

“Subecontraries”’ are propositions such that both cannot be false but 
both may be true. Traditionally “Some a is b” and “Some a is not b” 
are subcontraries. But whenever a = 0, ab + 0 and a-b + 0 are both 
false, and the relation fails to hold. When a + 0, it holds. Since ab = 0 
is “‘Some a is b’ is false’, and a-b = 0 is “‘Some a is not 0’ is false”’, we 
can read (1) and (2):above: 


(1) If there are members of a, and “Some a is b”’ is false, then some a 
is not b. 

(2) If there are members of a and “Some a is not b”’ is false, then some 
ais b. 


To sum up, then: the traditional relations of the “square of opposition” 
hold in the algebra whenever the subject of the four propositions denotes a 
class which has members. When the subject denotes a null-class, only 
the relation of the contradictories holds. The two universal propositions 
are, in that case, both true, and the two particular propositions both false. 

The subject of immediate inference is not so well crystallized by tradi- 
tion, and for the good reason that it runs against this very difficulty of the 
class without members. For instance, the following principles would all 
be accepted by some logicians: 


= NOsG1S.0' gives “No bist. 

“No bis a” gives “All 6 is not-a”’. 
“All 6 is not-a”’ gives “Some b is not-a”’. 
“Some b is not-a”’ gives “Some not-a is b”’. 
Hence “No a is b” gives “Some not-a is b”’. 


“No cows (a) are inflexed gasteropods (b)”’ implies ““Some non-cows are 
inflexed gasteropods’’: “ No mathematician (a) has squared the circle (b)”’ 
implies ‘“Some non-mathematicians have squared the circle’. These infer- 
ences are invalid precisely because the class b—inflexed gasteropods, suc- 


cessful circle-squarers—is an empty class; and because it was presumed 
that “All b is not-a” gives “Some 6 is not-a’’. Those who consider the 
algebraic treatment of null-classes to be arbitrary will do well to consider 
the logical situation just outlined with some care. The inference of any 
particular proposition from the corresponding universal requires the 
assumption that either the class denoted by the subject of the particular 
proposition or the class denoted by its predicate (“not-b” regarded as the 


predicate of “Some a is not b”’) is a class which has members. 
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The “conversion” of the universal negative and of the particular affirma- 
tive is validated by the lawab = ba. “Noaisb”,ab = 0, gives ba = 0, 
“No bisa”. And “Some a is 6’, ab + 0, gives ba + 0, “Some b is a”. 
Also, “Some a is not b”, a-b + 0, gives -ba + 0, “Some not-b is a”. 
The “converse” of the universal affirmative is simply the “converse”’ 
of the corresponding particular, the inference of which from the universal 
has already been discussed. 

What are called “obverses’—1. e., two equivalent propositions with 
the same subject and such that the predicate of one is the negative of the 
predicate of the other—are merely alternative readings of the same equation, 
or depend upon the law, -(-a) = a4. Sinceay = 0is“Novisy”,a-b = 0, 
which is “All ais b”’, is also “No ais not-b”. And since a b = 0 is equiva- 
lent to a-(-b) = 0, “No ais b” is equivalent to “All a is not-b’’. 

A convenient diagram for immediate inferences can be made by putting 
S (subject) and P (predicate) in the center of the circles assigned to them, 
-S between the two divisions of -—S, and -P between its two constituent 


divisions. The eight arrows indicate the various ways in which the dia- 


je) 
S 
S 
iss} 
Pm) 
w 
fos) 


2 ; 
Given Prop.———> <§ (Converse 


Fie. 13 


gram may be read, and thus suggest all the immediate inferences which 
are valid. For example, the arrow marked “converse” indicates the two 
terms which will appear in the converse of the given proposition and the 
order in which they occur. Jn this diagram, we must specify the null and 


14 See Chap. u, 2°8. 
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not-null regions indicated by the given proposition. And we may—if we 
wish—add the qualification that the classes, S and P, have members. 
If “No S is P’’, and S and P have members: 


SP =0, S + 0, P+0 


2 3. 


Fra. 14 


Reading the diagram of figure 14 in the various possible ways, we have: 

1. No Sis P, and 1. Some S is not P. (According as we read what 
is indicated by the fact that S P is null, or what is indicated by the fact 
that S -P is not-null.) 

2. All Sis not-P, and 2. Some S is not-P. 

3. All P is not-S, and 3. Some P is not-S. 

4. No PisS, and 4. Some P is not-S. 

5. Wanting. 

6. Some not-S is P. 

7. Some not-P is S. 

8. Wanting. 
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Similarly, if “All S is P’”’, and S and P have members: 
S-P =0, S + 0; P= 0 


~~. 
>: 


Fia. 15 


Reading from the diagram (figure 15), we have: 


17 Al S 1st, and I°-Some.-s is P: 

2. No S is not-P. 

. Wanting. 

. some P is S. 

. Some not-S is not-P. 

. Wanting. 

. No not-P is S. 

8. All not-P is not-S, and 8. Some not-P is not-S. 


_ The whole subject of immediate inference is so simple as to be almost 
trivial. Yet in the clearing of certain difficulties concerning null-classes 


the algebra has done a real service here. 
The algebraic processes which give the results of syllogistic reasoning 
have already been illustrated. But in those examples we carried out the 


14 


NJ OF FP & 
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operations at unnecessary lengths in order to illustrate their connection 
with the diagrams. The premises of any syllogism give information which 
concerns, altogether, three classes. The object is to draw a conclusion 
which gives as much of this information as can be stated independently of 
the “middle” term. This is exactly the kind of result which elimination 
gives in the algebra. And elimination is very simple. The result of 
eliminating a from A a+ B-x = 0is A B = 0.% Whenever the conclusion 
of a syllogism is universal, it may be obtained by combining the premises 
in a single equation one member of which is 0, and eliminating the “middle” 
term. For example: 
No & is y, zy =0. 


All z is 2, pri SU, 
Combining these, xy+z-a7 = 0. 
Eliminating 2, y2= 0. 
Hence the valid conclusion is “No y is. 2”’, or “Nozisy’. 


Any syllogism with a universal conclusion may also be symbolized so 
that the conclusion follows from the law, “If acb and bce, thenacc”’. 
By this method, the laws, -(-a) = a and “If acb, then -b c-a’’, are some- 
times required also. For example: 


No = is y, xe-y. 
All z is 2, 2C2, 
Hence z c-y, or “Nozis y”, and y c-z, or “No yis2”, 


There is no need to treat further examples of syllogisms with universal 
conclusions: they are all alike, as far as the algebra is concerned. Of course, 
there are other ways of representing the premises and of getting the con- 
clusion, but the above are the simplest. 

When a syllogism has a particular premise, and therefore a particular 
conclusion, the process is somewhat different. Here we have given one 
equation {= 0} and one inequation {+0}. We proceed as follows: 
(1) expand the inequation by introducing the third element; (2) multiply 
the equation by the element not appearing in it; (3) make use of the prin- 
ciple, “If a+b + 0 and a = 0, then b + 0”, to obtain an inequation with 
only one term in the literal member; (4) eliminate the element representing 
the “middle term” from this inequation. Take, for example, 4 ITI in 


16 See Chap. 1, 7-4. 
18 See Chap. m1, 2:8 and 3-1, 
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the third figure: 


All z is 2, x-g = 0. 
Some w is y, cope Uh 


cy =xy (@t+-2) =xzyztxy-z. Hence, ryz+zy-z + 0. 
[1-5] Since z-z = 0, ry -z = 0. 

[8-17] Since x yz+xy-z + 0 and zy -z = 0, therefore x yz + 0. 
Hence [8-22] yz + 0, or “Some y is 2”. 


An exactly similar process gives the conclusion for every syllogism with a 
particular premise. 

We have omitted, so far, any consideration of syllogisms with both 
premises universal and a particular conclusion—those with “weakened”’ 
conclusions, and A AI and E A O in the third and fourth figures. These 
are all invalid as general forms of reasoning. They involve the difficulty 
which is now familiar: a universal does not give a particular without an 
added assumption that some class has members. If we add to the premises 
of such syllogisms the assumption that the class denoted by the middle 
term is a class with members, this makes the conclusion valid. Take, for 
example, A A J in the third figure: 


All x is y, 2 —y = 0; and x has members, aN): 
All z is 2, 2-2 =) 0, 


Since « + 0, xy+x-y + 0, and since x-y = 0, ry + 0. 

Hence xyz+uy-z + 0. (1) 
Since x-z = 0, ry-z = 0. (2) 
By (1) and (2), xyz + 0, and hence yz + 0, or “Some y is 2”, 


Syllogisms of this form are generally considered valid because of a tacit 
assumption that we are dealing with things which exist. In symbolic 
reasoning, or any other which is rigorous, any such assumption must be 
made explicit. 

An alternative treatment of the syllogism is due to Mrs. Ladd-Franklin.!” 
If we take the two premises of any syllogism and the contradictory of its 
conclusion, we have what may be called an “inconsistent triad’’—three 
propositions such that if any two of them be true, the third must be false. 
For if the two premises be true, the conclusion must be true and its con- 


17 See “On the Algebra of Logic”, in Studies in Logic by members of Johns Hopkins 
University, ed. by Peirce; also articles listed in Bibl. We do not follow Mrs. Franklin’s 
symbolism but give her theory in a modified form, due to J osiah Royce. 
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tradictory false. And if the contradictory of the conclusion be true, i. e., 
if the conclusion be false, and either of the premises true, then the other 
premise must be false. As a consequence, every inconsistent triad corre- 
sponds to three valid syllogisms. Any two members of the triad give the 
contradictory of the third as a conclusion. For example: 


Inconsistent Triad 


1. All x 1s y 
2..All y is z 
3. Some z is not 2. 


Valid Syllogisms 


1. All xis y 1. All xis y 2. All yisz 
2. All yisez 3. Some 2 is not z 3. Some z is not z 
ee Aleris's: .. Some y is not z. .. Some @ is not y. 


Omitting the cases in which two universal premises are supposed to 
give a particular conclusion, since these really have three premises and 
are not syllogisms, the inconsistent triad formed from any valid syllogism 
will consist of two universals and one particular. For two universals will 
give a universal conclusion, whose contradictory will be a particular; while 
if one premise be particular, the conclusion will be particular, and its 
contradictory will be the second universal. Representing universals and 
particulars as we have done, this means that if we symbolize any incon- 
sistent triad, we shall have two equations {= 0} and one inequation {+ 0}. 
And the two universals { = 0} must give the contradictory of the particular 
as a conclusion. This means that the contradictory of the particular 
must be expressible as the elimination resultant of an equation of the form 
ax+b-x = 0, because we have found all conclusions from two universals 
to be thus obtainable. Hence the two universals of any inconsistent triad 
will be of the form ax = 0 and b-x = 0 respectively. The elimination 
resultant of az+b-x = 0 is ab = 0, whose contradictory will be ab + 0. 
Hence every inconsistent triad will have the form: 

Cause), b=x = 0, ab +0 
where a and 6 are any terms whatever positive or negative, and a is any 
positive term. 

The validity of any syllogism may be tested by expressing its proposi- 
tions in the form suggested, contradicting its conclusion by changing it 
from {= 0} to ¢+ 0} or the reverse, and comparing the resulting triad 
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with the above form. And the conclusion of any syllogism may be got by 
considering how the triad must be completed to have the required form. 
Thus, if the two premises are 


No @ is y, y=) 
and All not-z is y, -2-y = 0 


the conclusion must be universal. The particular required to complete 
the triad is e-z + 0. Hence the conclusion is 2 -z = 0, or “All 2 is aa 
(Incidentally it may be remarked that this valid syllogism is in no one of 
the Aristotelian moods.) Again, if the premises should be x y = 0 and 
y 2 = 0, no conclusion is possible, because these two cannot belong to the 
same inconsistent triad. 

We can, then, frame a single canon for all strictly valid syllogistic reason- 
ing: The premises and the contradictory of the conclusion, expressed in 
symbolic form, {= 0} or {+ 0}, must form a triad such that 

(1) There are two universals {= 0} and one particular {+ 0}. 

(2) The two universals have a term in common, which is once positive 
and once negative. 

(3) The particular puts + 0 the product of the coefficients of the com- 

mon term in the two universals. 
A few experiments with traditional syllogisms will make this matter clear 
to the reader. The validity of this canon depends solely upon the nature 
of the syllogism—three terms, three propositions—and upon the law of 
elimination resultants, “If ax+b-« = 0, thenab = 0”. 

Reasoning which involves conditional propositions—hypothetical argu- 
ments, dilemmas, etc.—may be treated by the same process, if we first 
reduce them to syllogistic form. For example, we may translate. “If A 
is B, then C is D” by “All x is y”’, where x is the class of cases in which 
A is B, and y the class of cases in which C is D—i. e., “ All cases in which A 
is B are cases in which C is D”. And we may translate “But A is B” 
by “All zis ’’, where z is the case or class of cases under discussion. ‘Thus 
the hypothetical argument: “If A is B, Cis D. But Ais B. Therefore, 
Cis D”, is represented by the syllogism: 

“ All cases in which A is B are cases in which C is D. 

“But all the cases in question are cases in which A is B. 

“Hence all the cases in question are cases in which C is fake 


And all other arguments of this type are reducible to syllogisms in some 
similar fashion. Thus the symbolic treatment of the syllogism extends to 


198 A Survey of Symbolic Logie 


them also. But conditional reasoning is more easily and simply treated 
by another interpretation of the algebra—the interpretation for propositions. 

The chief value of the algebra, as an instrument of reasoning, lies in 
its liberating us from the limitation to syllogisms, hypothetical arguments, 
dilemmas, and the other modes of traditional logic. Many who object to 
the narrowness of formal logic still do not realize how arbitrary (from the 
logical point of view) its limitations are. The reasons for the syllogism, 
etc., are not logical but psychological. It may be worth while to exemplify 
this fact. We shall offer two illustrations designed to show, each in a 
different way, a wide range of logical possibilities undreamt of in formal 
logic. The first of these turns upon the properties of a triadic relation 
whose significance was first pointed out by Mr. A. B. Kempe.’ 

It is characteristically human to think in terms of dyadic relations: 
we habitually break up a triadic relation into a pair of dyads. In fact, so 
ingrained is this disposition that some will be sure to object that a triadic 
relation is a pair of dyads. It would be exactly as logical to maintain that 
all dyadic relations are triads with a null member. Either statement is 
correct enough: the difference is simply one of point of view—psychological 
preference. If there should be inhabitants of Mars whose logical sense 
coincided with our own, so that any conclusion which seemed valid to us 
would seem valid to them, and vice versa, but whose psychology otherwise 
differed from ours, these Martians might have an equally fundamental 
prejudice in favor of triadic relations. We can point out one such which 
they might regard as the elementary relation of logic—as we regard equality 
or inclusion. In terms of this triadic relation, all their reasoning might 
be carried out with complete success. 

Let us symbolize by (ac/b), a-bc+-ab-c = 0. This relation may be 
diagrammed as in figure 16, since a-be+-ab-c = 0 is equivalent to 
accbc(a+c). (Note that (ac/b) and (ca/b) are equivalent, since a -bc 
+-a b -c is symmetrical with respect to a and ce.) 

This relation (ac/b) represents precisely the information which we 
habitually discard in drawing a syllogistic conclusion from two universal 
premises. If all a is 6 and all b is c, we have 


a-b = 0 and b-c =0 
Hence a -b (¢c +-c) + (a+-a) b-c = 0, 


18 See his paper ‘‘On the Relation of the Logical Theory of Classes and the Geometrical 
Theory of Points’, Proc. London Math. Soc., xx1, 147-82. But the use we here make of 
this relation is due to Josiah Royce. For a further discussion of Kempe’s triadic relation, 
see below, Chap. vi, Sect. Iv. 
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Or, a-be+a-b-ct+tab-—-c+-ab-c = 0. 
[5-72] This equation is equivalent to the pair, 
(1) a-b-c+ab-c = a-c (b+-b) =a-c = 0, 
and (2) a-bce+-ab-c = 0. 
(1) is the syllogistic conclusion, “All a is c’’; (2) is (ac/b). Perhaps most 
of us would feel that a syllogistic conclusion states all the information 
given by the premises: the Martians might equally well feel that precisely 


Fig. 16 


what we overlook is the only thing worth mentioning. And yet with this 
curious “illogical” prejudice, they would still be capable of understanding 
and of getting for themselves any conclusion which a syllogism or a hypo- 
thetical argument can give, and many others which are only very awkwardly 
stateable in terms of our formal logic. Our relation, a cb, or “All ais b”, 
would be, in their terms, (0b/a). (0b/a) is equivalent to 
l-a-b+0--ab =0 =a-b 
Hence the syllogism in Barbara would be “(0b/a) and (0c/b), hence (Oc/a)”’. 
This would, in fact, be only a special case of a more general principle which 
is one of those we may suppose the Martians would ordinarily rely upon 
for inference: “If (xb/a) and (xc/b), then (xc/a)”. That this general 
principle holds, is proved as follows: 
(xb/a) is -ra-b+x-ab =0 
(xc/b) is -wb-c+x-be =0 
These two together give: 
-r a-b (¢+-c)+x-ab (ec +-c) +-u b-c (a+-a)+x-bc (at+-a) = 0, 
or, -ra-be+-va-b-c+x-abc+x-ab-c+-xab-c+-x -ab-c 
+xa-bc+x-a-be =0. 
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[5-72] This equation is equivalent to the pair, 
(1) -wab-c+-va-b-c+x-abc+ux-a-be 
-xa-c (b+-b) +x -ac (b+-b) 


=-ra-c+xr-ac = 0. 


(2) a-ab-c+-a-ab-c+xa-be+-va-be 
= -ah-c (x+-x) +a-be (x4 +-2) 
=-ab-c+a-be = 0. 


(1) is (wc/a), of which our syllogistic conclusion is a special case; (2) is a 
similar valid conclusion, though one which we never draw and have no 
language to express. 

Thus these Martians could deal with and understand our formal logic 
by treating our dyads as triads with one member null. In somewhat 
similar fashion, hypothetical propositions, the relation of equality, syllo- 
gisms with a particular premise, dilemmas, ete., are all capable of state- 
ment in terms of the relation (ac/b). As a fact, this relation is much more 
powerful than any dyad for purposes of reasoning. Anyone who will 
trouble to study its properties will be convinced that the only sound reason 
for not using it, instead of our dyads, is the psychological difficulty of 
keeping in mind at once two triads with two members in common but 
differently placed, and a third member which is different in the two. Our 
attention-span is too small. But the operations of the algebra are inde- 
pendent of such purely psychological limitations—that is to say, a process 
too complicated for us in any other form becomes sufficiently simple to be 
clear in the algebra. The algebra has a generality and scope which “formal”’ 
logic cannot attain. 

This illustration has indicated the possibility of entirely valid non- 
traditional modes of reasoning. We shall now exemplify the fact that by 
modes which are not so remote from familiar processes of reasoning, any 
number of non-traditional conclusions can be drawn. For this purpose, 
we make use of Poretsky’s Law of Forms:!® 


x = 0 is equivalent to t = t-r+-tz 

This law is evident enough: if 2 = 0, then for any t, t-2 = 7-1 = #¢, and 
-tx = -t-0 = 0, whilet+0 =¢%. Let us now take the syllogistic premises, 
“All ais b” and “All b is c”’, and see what sort of results can be derived 
from them by this law. 

All a is b, a-b = 0. 

All is ¢, b-c = 0. 

19 See Chap. n, 7-15 and 7-16. 
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Combining these, a-b+b-c = 0. 
And [3-4-41] -(a-b+b-c) = -(a-b)--(b-c) = (-a+b)(-b+c) ° 
= -a-b+-ac+be. 
Let us make substitutions, in terms of a, b, and ce, for the ¢ of this formula. 


a+b 


(a+ b)(-a-b+-ac+bc)+-a-b (a-b +b -c) 
=abct-abc+bhe = be 

What is either a or 6 is identical with that which is both b andc. This isa 

non-syllogistic conclusion from “All a is 6 and all b is ¢”. Other such 

conclusions may be got by similar substitutions in the formula. 


I 


atc = (at+c)(-a-b+-act+bhc)+-a-c (a-b +b -c) 
=abcer-a-bct+-act+tbcet-ab-c = abct-a (b+c). 
What is either a or c is identical with that which is a, b, and ¢, all three, or 
is not a and either 6 or c. 
-be =-be (-a-b+-ac+bc) + (b+-c)(a-b +b -c) 


-a-bet+b-c+a-b-c = -a-be+ (a+b) -c 


That which is b but not ¢ is identical with what is ¢ but neither a nor b 
or is either a or b but not ec. The number of such conclusions to be got from 
the premises, “All ais b” and “All 6 is ce”, is limited only by the number of 
functions which can be formed with a, b, and c, and the limitation to sub- 
stitutions in terms of these is, of course, arbitrary. By this method, the 
number of conclusions which can be drawn from given premises is entirely 
unlimited. 

In concluding this discussion of the application of the algebra to the 
logic of classes, we may give a few examples in which problems more involved 
than those usually dealt with by formal logic are solved. The examples 
chosen are mostly taken from other sources, and some of them, like the 


first, are fairly historic. 


Example 1.7° 

A certain club has the following rules: (a) The financial committee 
shall be chosen from among the general committee; (b) No one shall be a 
member both of the general and library committees unless he be also on 
the financial committee; (c) No member of the library committee shall be 
on the financial committee. 

Simplify the rules. 

20See Venn, Symbolic Logic, ed. 2, p. 331. 
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Let f = member of financial committee. 


ce 6c 


c= “ general 
(=e ae, “ library ‘ 
The premises then become: 


(Ga) fC g) eecOr ey Girt 
(6) (gl) cf, ore fon — 0 
(CC) f= 0: 


We can discover by diagramming whether there is redundancy here. In 
figure 17, (a) is indicated by vertical lines, (b) by horizontal, (c) by oblique. 


Iie, Ye 


(a) and (c) both predicate the non-existence of f-g/. To simplify the 
rules, unite (a), (b), and (c) in a single equation: 


frge-fgl+fl=0 

Hence, f-g+-fgl+fl(g+-g) =f-g+-fgl+fgl+f-gl 

[5-91] =fr-gtCftf)gl=f-g+gl =0. 

And [5-72] this is equivalent to the pair, f-g = 0 and gl = 0. 
Thus the simplified rules will be: 


(a’) The financial committee shall be chosen from among the general 
committee. 

(b’) No member of the general committee shall be on the library com- 
mittee. 
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Example 2.?! 


The members of a certain collection are classified in three ways—as 
a’s or not, as b’s or not, and as c’s or not. It is then found that the class b 
is made up precisely of the a’s which are not c’s and the c’s which are not a’s. 
How is the class ¢ constituted? 
Given: b = a-c+-ac. To solve for c.” 
b = b(c+-c) = be+b-c. 
Hence, bc +b-c = a-c+t+-ac. 
Hence [7-27] a-b+-abecca-b+-ab. 
Or [2:2] ec = a-b+-ab. 
The c’s comprise the a’s which are not b’s and the b’s which are not a’s. 
Another solution of this problem would be given by reducing b = a-c 
+-ac to the form {= 0} and using the diagram. 
[7-1] b = a-c+-ac is equivalent to 
b--(a-c+-ac)+-b (a-c+-ac) =0 
And [6-4] -(a-c+-ac) = ac+-a-c. 
Hence, abc+-ab-c+a-b-c+-a-be = 0. 


We observe here (figure 18) not only that c = a-b+-ab, but that the 


Fia. 18 


relation of a, b, and ¢c, stated by the premise is totally symmetrical, so that 
we have also a = b-c+-be. 


21 Adapted from one of Venn’s, first printed in an article on “Boole’s System of Logic”, 
Mind, 1 (1876), p. 487. 
22 This proof will be intelligible if the reader understands thesolution formula referred to. 
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Example 3.” 
If a that is not a is the same as b, and a that is not x is the same as c, 


what is 2 in terms of a, b, and c? 
Given: b = -az and c =a-wz. To solve for x. 
[7-1] b = -a ax is equivalent to 
-(-az) b+-a-bxu = 0 = (a+-z) b+-a-bex 
=ab+b-r+-a-bx =0 (1) 
And ¢ = a-2 is equivalent to 
-(a-x) ¢+a-c-x =0 = (-a+2)ct+a-c-2 
=-actcuta-c-x =0 (2) 
Combining (1) and (2), 


ab+-ac+(-a-b+c)x+(b+a-c) -x = 0 (3) 

Hence [5-72] (-a-b+c)v+(b+a-c)-x =0 (4) 
[7-221] This gives the equation of condition, 

(-a-b+c)(b+a-c) =be =0 (5) 


[7-2] The solution of (4) is 
(b+a-c) cx c-(-a-b +c) 
And by (5), 
-(-a-b+c) = -(-a-b+c)+be = (a+b) -c+be 
=a-ctb (c+-c) = b+ta-c 
Hence [2:2] 2 = b+a-c. 


Fia. 19 
*8 See Lambert, Logische Abhandlungen, 1, 14. 
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This solution is verified by the diagram (figure 19) of equation (3), which 
combines all the data. Lambert gives the solution as 


x = (a+b) -c 


This also is verified by the diagram. 


Example 4.24 


What is the precise point at issue between two disputants, one of whom, 
A, asserts that space should be defined as three-way spread having points 
as elements, while the other, B, insists that space should be defined as 
three-way spread, and admits that space has points as elements. 


Let s = space, 
t = three-way spread, 
p = having points as elements. 
A asserts: s = tp. B states: s = and scp, 
s = tp is equivalent to 


s-(tp)t+-stp =0 =s-t+s-p+-stp =0 (1) 

scp is equivalent to s-p = 0 (2) 

And s = t is equivalent to s-t+-st = 0 (3) 
(2) and (3) together are equivalent to 

s-t+s-pt+-st = 0 (4) 


(1) represents A’s assertion, and (4) represents B’s. The difference between 


Fig. 20 


the two is that between -s tp = 0 and -st = 0. (See figure 20.) 
-st =-stp+-st-p 


24 Quoted from Jevons by Mrs. Ladd-Franklin, loc. cit., p. 52. 
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The difference is, then, that B asserts -st-p = 0, while A does not. It 
would be easy to misinterpret this issue. -st-p = 0 is t-pcs, “Three- 
way spread not having points as elements, is space”. But B cannot sig- 
nificantly assert this, for he has denied the existence of any space not having 
points as elements. Both assert s =tp. The real difference is this: B 
definitely asserts that all three-way spread has points as elements and is 
space, while A has left open the possibility that there should be three-way 
spread not having points as elements which should not be space. 


Example 5. 

Amongst the objects in a small boy’s pocket are some bits of metal 
which he regards as useful. But all the bits of metal which are not heavy 
enough to sink a fishline are bent. And he considers no bent object useful 
unless it is either heavy enough to sink a fishline or is not metal. And the 
only objects heavy enough to sink a fishline, which he regards as useful, 
are bits of metal that are bent. Specifically what has he in his pocket which 
he regards as useful? 


Let x = bits of metal, 
objects he regards as useful, 


<< 
I 


z = things heavy enough to sink a fishline, 
w = bent objects. 


Symbolizing the propositions in the order stated, we have 


zy + 0 

U-z2 CU, or xr-z-w = 0 
ywo(z+-2), or xy-zw =0 
By Cr, or —ryztyz-w =0 


Expanding the inequation with reference to z and w, 
LYSWHELYyS-wWt+ ery -zw+xey-z-w + 0 
Combining the equations, 


a-z-w (ytn-y) + ey -zwt-wy2z (w+-w) ty z-w (e+-z) = 0 


or tay =e SO =e Obey WE-XLYSWHE-VY S-WtUry2-w ial) 


All the terms of the inequation appear also in this equation, with the 
exception of xyzw. Hence, by 8-17, ryzw+0. The small boy has 


Applications of the Boole-Schréder Algebra 207 


some bent bits of metal heavy enough to sink a fishline, which he considers 
useful. This appears in the diagram (figure 21) by the fact that while 


Jacek, PAL 


some subdivision of 2 y must be not-null, all of these but x yz w is null. 
It appears also that anything else he may have which he considers useful 
may or may not be bent but is not metal. 


Example 6.” 

The annelida consist of all invertebrate animals having red blood in a 
double system of circulating vessels. And all annelida are soft-bodied, 
and either naked or enclosed in a tube. Suppose we wish to obtain the 
relation in which soft-bodied animals enclosed in tubes are placed (by virtue 
of the premises) with respect to the possession of red blood, of an external 
covering, and of a vertebral column. 


Let a = annelida, 
s = soft-bodied animals, 
n = naked, 
¢ = enclosed in a tube, 
= invertebrate, 


3 >. 


= having red blood, ete. 


Given: a = ir and acs (n+1), with the implied condition, nt = 0. To 
eliminate a and find an expression for s t. 
2% See Boole, Laws of Thought, pp. 144-46. 
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a = ir is equivalent to 


-(ir)at-air =a-ita-r+e-air =0 (1) 
acs (n+?) is equivalent to a--(sn+st) = 0. 
-(sn+st) =-(sn)--(st) = (-s+-n)(-s+-t) = -s+-n -t. 
Hence, a-sta-n-t = 0 (2) 
Combining (1) and (2) and nt = 0, 
a-ita-r+e-airta-sta-n-t+nt = 0 (3) 


Eliminating a, by 7°4, 
(-1+-rt-s+-—n-t+nt)(ir+ent) =ntt+ir-s+ir-n-t =0 
The solution of this equation for s is®2rcs. 
And its solution for ¢isir-n cte¢-n. 
Hence [5-3] ar-neste-n, or st =ir-n+u--n, where wu is un- 


determined. 


The soft-bodied animals enclosed in a tube consist of the invertebrates 


[| ooeeen| 
TF. MW ! 
lint oe 


ac 


ae 
a a 


\ 
\\\\\\_EN 
--- N 


Eigse 22 


*6 See Chap. u, Sect. rv, “Symmetrical and Unsymmetrical Constituents of an Equa- 
tion ”’. 
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which have red blood in a double system of circulating vessels and a body 
covering, together with an undetermined additional class (which may be 
null) of other animals which have a body covering. This solution may be 
verified by the diagram of equation (8) (figure 22). In this diagram, st is 
the square formed by the two crossed rectangles. The lower half of this 
inner square exhibits the solution. Note that the qualification, -n, in 
ur-n cst, is necessary. In the top row is a single undeleted area repre- 
senting a portion of 7 r (n) which is not contained in s t. 


Example 7.7" 


Demonstrate that from the premises “All a is either b or c’’, and 
“All ¢ is a”, no conclusion can be drawn which involves only two of the 
classes, a, b, and e. 

Given: ac(b+c) andcca. 


To prove that the elimination of any one element gives a result which 
is either indeterminate or contained in one or other of the premises. 


ac(b+c) is equivalent to a-b-c = 0. 

And ¢ ca is equivalent to -ac = 0. 

Combining these, a-b-c+-ac = 0. 

Eliminating a [7-4], (-b-c) e = 0, which is the identity, 0 = 0. 

Eliminating c, (a -b) -a = 0, or 0 = 0. 

Eliminating 6, (-ac+a-c) -ac =-ac =0, which is the second 
premise. 


Example 8. 

A set of balls are all of them spotted with one or more of the colors, red, 
green, and blue, and are numbered. And all the balls spotted with red are 
also spotted with blue. All the odd-numbered blue balls, and all the even 
numbered balls which are not both red and green, are on the table. De- 
scribe the balls not on the table. 


Let e = even-numbered, -e = odd-numbered, 


spotted with red, 
spotted with blue, 


spotted with green, 
balls on the table. 
Given: (1) -r-b-g = 0. 

27 See De Morgan, Formal Logic, p. 123. 
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(2) r-b = 0. 
(3) [-eb+e-(rg)] ct, or (-eb+e-r+e-g) -t = 0. 


To find an expression, 2, such that -t ¢x, or -t 2 = -t. Such an expression 
should be as brief as possible. Consequently we must develop -t with 
respect to e, r, 6, and g, and eliminate all null terms. (An alternative 
method would be to solve for -t, but the procedure suggested is briefer.) 


“i = = (e+ -0) (r=) (b+ -D)(g + -0) 
=-t(erbgterb-gter-bgte-rbg+-erbgter-b-g 
+e—rb-g+-erb-g+e-r-bg+-e-rbg+-er-by 
+e-r-b-g+-er-b-g+-e-rb-g+-e-r-bg+-e-r-b-g) (4) 
From) (1),(@2)and! (3); 
-t (-eb+e-r+e-g+r-b+-r-b-g) = 0 (5) 
Eliminating from (4) terms involved in (5), 
-t=-t(erbg+-e-r-bg), or -tc(erbg+-e-r-bg) 


All the balls not on the table are even-numbered and spotted with all three 
colors or odd-numbered and spotted with green only. 


eS 
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In the diagram (figure 23), equation (1) is indicated by vertical lines, 
(2) by oblique, (3) by horizontal. 


Example 9.78 


Suppose that an analysis of the properties of a particular class of sub- 
stances has led to the following general conclusions: 

Ist. That wherever the properties a and b are combined, either the 
property c, or the property d, is present also; but they are not jointly present. 

2d. That wherever the properties b and c are combined, the properties 
a and d are either both present with them, or both absent. 

3d. That wherever the properties a and 6 are both absent, the proper- 
ties c and d are both absent also; and vice versa, where the properties 
c and d are both absent, a and b are both absent also. 

Let it then be required from the above to determine what may be con- 
cluded in any particular instance from the presence of the property a with 
respect to the presence or absence of the properties b and c, paying no 
regard to the property d. i 

Given: (1) abc¢(c-d+-cd). 

(2) be c(ad+-a-d). 
(3) -a-b = -c -d. 

To eliminate d and solve for a. 

(1) is equivalent to ab--(c-d+-cd) = 0. 
(2) is equivalent to bc--(ad+-a-d) = 0. 
But [6-4] -(e-d+-cd) =cd+-c-d, 


and -(ad+-a-d) = -ad+a-d. 
Hence we have, ab (ecd+-c-d) = abcd+ab-c-d = 0 (4) 
and be (-ad+a-d) = -abcdt+tabcec-d =0 (5) 


(3) 1s equivalent to 


-a-b (c+ d) + (a+b) -c-d 
=-a-be+-a-bd+a-c-d+b-c-d =0 (6) 
Combining (4), (5), and (6), and giving the result the form of a 
function of d, 
(-a-bc+-a-b+abcec+-abe)d 
+(-a-bce+a-c+b-c+ab-c+abc)-d=0 


28 See Boole, Laws of Thought, pp. 118-20. For further problems, see Mrs. Ladd- 
Franklin, loc. cit., pp. 51-61, Venn, Symbolic Logic, Chap. x11, and Schréder, Algebra der 
Logik: Vol. 1, Dreizehnte Vorlesung. 
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Or, simplifying, by 5-4 and 5-91, 
(-a -b+ bc) d+ (-a-be+a-c+b-c+abc)-d = 0 
Hence [7-4] eliminating d, 
(-a-b+bc)(-a-be+a-c+b-ct+abc) =-a-bet+abe =0 
Solving this equation for a [7-2], -bc ca c(-b+-c). 


‘The property a is always present when c is present and b absent, and when- 
ever a is present, either b is absent or ¢ is absent. 
The diagram (figure 24) combines equations (4), (5), and (6). 


As Boole correctly claimed, the most powerful application of this algebra 
is to problems of probability. But for this, additional laws which do not 
belong to the system are, of course, required. Hence we omit it. Some- 
thing of what the algebra will do toward the solution of such problems will 
be evident if the reader imagine our Example 8 as giving numerically the 
proportion of balls spotted with red, with blue, and with green, and the 
quaesitum to be “If a ball not on the table be chosen at random, what is 
the probability that it will be spotted with all three colors? that it will be 
spotted with green?” The algebra alone, without any additional laws, 
answers the last question. As the reader will observe from the solution, 
all the balls not on the table are spotted with green. 
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III. Tue Apprication to Proposrrions 


If, in our postulates, a, b, c, etc., represent propositions, and the “ prod- 
uct’’, ab, represent the proposition which asserts a and b both, then we 
have another interpretation of the algebra. Since a+b is the negative of 
-a-b, a+b will represent “It is false that a and b are both false’’, or 
“At least one of the two, a and b, is true’. It has been customary to read 
a+b, “Either a or 0’, or “Either a is true or } is true”. But this is some- 
what misleading, since “Either... or...” frequently denotes, in 
ordinary use, a relation which is to be understood in intension, while this 
algebra is incapable of representing relations of intension. For instance, 
we should hardly affirm “Either parallels meet at finite intervals or all 
men are mortal”: We might well say that the “Either ...or...” 
relation here predicated fails to hold because the two propositions are 
irrelevant. But at least one of the two, “Parallels meet at finite intervals” 
and “All men are mortal”, is a true proposition. The relation denoted 
by + in the algebra holds between them. Hence, if we render a+b by 
“Either a or b’’, we must bear in mind that no necessary connection of a 
and b, no relation of “relevance” or “logical import”, is intended. 

The negative of a, -a, will be its contradictory, or the proposition “a is 
false”. It might be thought that -a should symbolize the “contrary” 
of a as well,—that if a be “ All men are mortal’’, then “ No men are mortal” 
should be -a. But if the contrary as well as the contradictory be denoted 
by -a, then -a will be an ambiguous function of a, whereas the algebra 
requires that -a be unique. 7° 

The interpretation of 0 and 1 is most easily made clear by considering 
the connection between the interpretation of the algebra for propositions 
and its interpretation for classes. The propositional sign, a, may equally 
well be taken to represent the class of cases in which the proposition a is 
true. ab will then represent the class of cases in which a and b are both 
true; -a, the class of cases in which ais false, and soon. The “universe”, 1, 
will be the class of all cases, or all “actual” cases, or the universe of facts. 
Thus a = 1 represents “The cases in which a is true are all cases”’, or 
“@ is true in point of fact”, or simply “ais true”. Similarly 0 is the class 


’ 


‘ais true in no case”, or “ais false”’. 


‘ 


of no cases, and a = 0 will mean 

It might well be asked: May not a, b,c, etc., represent statements which 
are sometimes true and sometimes false, such as “Today is Monday” 
or “The die shows an ace”? May not a symbolize the cases in which a is 


29See Chap. 11, 3-3. 
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true, and these be not all but only some of the cases? And should not 
a=1 be read “a is always true”, as distinguished from the less com- 
prehensive statement, “a is true”? The answer is that the interpretation 
thus suggested can be made and that Boole actually made it in his chapters 
on “Secondary Propositions’’.2° But symbolic logicians have come to 
distinguish between assertions which are sometimes true and sometimes 
false and propositions. In the sense in which “Today is Monday”’ is 
sometimes true and sometimes false, it is called a propositional function 
and not a proposition. There are two principal objections to interpreting 
the Boole-Schréder Algebra as a logic of propositional functions. In the 
first place, the logic of propositional functions is much more complex than 
this algebra, and in the second place, it is much more useful to restrict the 
algebra to propositions by the additional law “If a + 0, then a = 1, and 
if a + 1, then a = 0”, and avoid any confusion of propositions with asser- 
tions which are sometimes true and sometimes false. In the next chapter, 
we shall investigate the consequences of this law, which holds for proposi- 
tions but not for classes or for propositional functions. We need not pre- 
sume this law at present: the Boole-Schréder Algebra, exactly as presented 
in the last chapter, is applicable throughout to propositions. But we shall 
remember that a proposition is either always true or never true: if a proposi- 
tion is true at all, it is always true. Hence in the interpretation of the 
algebra for propositions, a = 1 means “a is true”’ or “a is always true”’ 
indifferently—the two are synonymous. And a = 0 means either “a is 
false” or “a is always false”’. 

The relation a cb, since it is equivalent to a-b = 0, may be read “It 
is false that ‘a is true and b is false’’’, or loosely, “If a is true, then b is 
true”. But acb, like a+b, is here a relation which does not signify 
“relevance” or a connection of “logical import”. ‘Suppose a = “2+ 2 
= 4” and b = “Christmas is a holiday”. We should hardly say “If 
2+ 2 = 4, then Christmas is a holiday”. Yet it is false that “2 + 2 = 4 
and Christmas is not a holiday”: in this example a-b = 0 is true, and 
hence a cb will hold. This relation, a cb, is called “material implication ”’; 
it is a relation of extension, whereas we most frequently interpret “implies” 
as a relation of intension. But acb has one most important property in 
common with our usual meaning of “a implies b’’—when a cb is true, the 
case in which a is true but b is false does not occur. If a ¢b holds, and ais 
true, then b will not be false, though it may be irrelevant. Thus “material 


3° Laws of Thought, Chaps. XI-xtv. 
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implication” is a relation which covers more than the “implies”’ of ordinary 
logic: a cb holds whenever the usual “a implies b” holds; it also holds in 


some cases in which “a implies b”’ does not hold.*! 


The application of the algebra to propositions is so simple, and so 
resembles its application to classes, that a comparatively few illustrations 
will suffice. We give some from the elementary logic of conditional propo- 


sitions, and conclude with one taken from Boole. 


Example 1. 
Lies ise Gas): 
And A is B. 
et gatas ba ya 016 1). 
The two premises then are: 
(1) acy, or [4-9] -~+y = 1. 
(2) ¢ = 1, or —¢ = 0: 
[5-7] Since -r ty = 1 and -x'= 0, y = 1. 


y = 1 is the conclusion “Cis D”’. 


Example 2. 
i yelizais BoCis 2. 
(2): But Cis not D. 


Leta = 4 is. 6b; y = Cis D: 
(1) acy, or -~t+y = 1. 


[5:7] Since -x+y = 1 and y = 0, -x = 1. 


5 e e . 3 . 9 
-z = 1 is the conclusion “A is B is false’’, or “A is not B”’. 


Example 3. 
Cie Ais 6,0 is D; and (2) u His i, Gis H. 
(3) But either A is B or Cis D. 
Let w = A isBs 2 = Cis D; y= His F; zg = Gis H. 
(1) wea, or [4:9] wx = w. 
(2) you, or yz = y. 
(3) w+y = 1. 


(1) 
(2) 


31 “ Material implication” is discussed more at length in Chap. Iv, Sect. 1, and Chap. 


v, Sect. v. 
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Since w+ y = 1, and wx = w and yz =y, watyz = 1. 

Hence [4:5] wat-watyezt-y2 = 1l+-wae+-y2 = 1. 

Hence xv (w+-w)+2(yt+-y) =a+z2= 1. 
v+2=1 is the conclusion “Either C is D or Gis H”. This dilemma 
may be diagrammed if we put our equations in the equivalent forms 
(1) w-a = 0, (2) y-z = 0, (3) -w-y = 0. In figure 25, w-x is struck 


WO a 


DW’, 


Fie. 25 


out with horizontal lines, y-z with vertical, -w-y with oblique. That 
everything which remains is either x or z is evident. 


Example 4. 
(1) Either A is B or C is not D. 
(2) Either Cis D or E is F. 
(3) Either A is B or E is not F. 
Leter= Ais B; ye Cis Ds a= Bis F. 
(1) e+-y = 1. 
(2) y+2 = 1, or -y-z = 0. 
(3) g+—-2 ='1, or =o 2 = 0. 
By (1), e+ -y (24-2) =avt-yet-y-2z = 1. 
Hence by (2), e+-y2 = 1 =a+-y2(vt-x) =aee-yet—w-y 2. 
And by (3), -~-yz =0. Henceata-yz =a =1. 
Thus these three premises give the categorical conclusion “A is B’’, indi- 
cating the fact that the traditional modes of conditional syllogism are by 
no means exhaustive. 
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Example 5.%* 
Assume the premises: 


1. If matter is a necessary being, either the property of gravitation is 
necessarily present, or it is necessarily absent. 

2. If gravitation is necessarily absent, and the world is not subject to 
any presiding intelligence, motion does not exist. 

3. If gravitation is necessarily present, a vacuum is necessary. 

4. If a vacuum is necessary, matter is not a necessary being. 

5. If matter is a necessary being, the world is not subject to a presiding 
intelligence. 


Let x 
y = Gravitation is necessarily present. 


Matter is a necessary being. 


nx 
I 


The world is not subject to a presiding intelligence. 
w = Motion exists. 


~~ 
l| 


Gravitation is necessarily absent. 
» = A vacuum is necessary. 


The premises then are: 
dd) ac(y+2), or a-y-t = 0. 
2) t2c-w; or taw = 0. 
(3) y cv, or yu = 0. 
(4) 1e-7,_or-0e = 0, 
(ha cs, or a2 =" 0. 
And since gravitation cannot be both present and absent, 
Ky) EVE 


Combining these equations: 
e-yt+etzwey-vtveta-ztyt =0 (7) 


From these premises, let it be required, first, to discover any conection 
between 2, “ Matter is a necessary being’, and y, “ Gravitation is necessarily 
present”. For this purpose, it is sufficient to discover whether any one 
of the four, xy = 0, x-y = 0, -ry = 0, or -x-y = 0, since these are 
the relations which state any implication which holds between 2, or -2, 
and y, or -y. This can always be done by collecting the coefficients of 
ay, x-y, -wy, and -x-y, in the comprehensive expression of the data, 
such as equation (7), and finding which of them, if any, reduce to 1. “But 


2 See Boole, Laws of Thought, Chap. x1tv. The premises assumed are supposed to be 
borrowed from Clarke’s metaphysics. 
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sometimes, as in the present case, this lengthy procedure is not necessary, 
because the inspection of the equation representing the data readily reveals 
such a relation. 

From (7), [5-72] vx +-vy = 0. 

Hence [1-5] vx yt+—vzy = (vt-vxry=2rzy =0, orrc-y, y c-e. 
If matter is a necessary being, then gravitation is not necessarily present; 
if gravitation is necessarily present, matter is not a necessary being. 

Next, let any connection between x and w be required. Here no such 

relation is easily to be discovered by inspection. Remembering that if 
a = 0, thenab = Oanda-b = 0; 


From (7), (-y-t+ttzt+y—v+o0+-z+yt) we 
+(Ezty-vt+yt) w-2x 
+(-y-tt+y-vtvt+-zt+yt)-we 
+(y-utyt—-w-w=0 (8) 
Here the coefficient of w a reduces to 1, for [5-85], 
YVtV = Yt, and tz+-2 =t+-2 


and hence the coefficient is -y-f+y+tt+o+-z24+yt. 
But [5-96] (-y-t+y+t+v0+-2+yt = ltvt+-z+yt= 1. 
Hence waz = 0, or we -a, xc -w. 


Se! 


Fig. 26 
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None of the other coefficients in (8) reduces to 1. Hence the conclusion 
which connects x and w is: “If motion exists, matter is not a necessary 
being; if matter is a necessary being, motion does not exist”. 

Further conclusions, relating other terms, might be derived from the 
same premises. All such conclusions are readily discoverable in the dia- 
gram of equation (7). In fact, the diagram is more convenient for such 
problems than the transformation of equations in the algebra. 

Another method for discovering the implications involved in given data 
is to state the data entirely in terms of the relation c, and, remembering 
that “If acb and bce, then acc’’, as well as “acb is equivalent to 
-b c-a”’, to seek directly any connection thus revealed between the propo- 
sitions which are in question. Although by this method it is possible to 
overlook a connection which exists, the danger is relatively small. 


IV. Tue AppuicaTion To RELATIONS 


The application of the algebra to relations is relatively unimportant, 
because the logic of relations is immensely more complex than the Boole- 
Schréder Algebra, and requires more extensive treatment in order to be of 
service. We shall, consequently, confine our discussion simply to the 
explanation of this interpretation of the algebra. 

A relation, taken in extension, 1s the class of all couples, triads, or tetrads, 
ete., which have the property of being so related. That is, the relation 
“father of” is the class of all those couples, (7; y), such that x is father 
of y: the dyadic relation R is the class of all couples (x; y) such that 2 has 
the relation R to y,z Ry. The extension of a relation is the class of things 
which have the relation. We must distinguish between the class of couples 
(a; y) and the class of couples (y; 2), since not all relations are symmetrical 
and x Ry commonly differs from y Ra. Since the properties of relations, 
so far as the laws of this algebra apply to them, are the same whether they 
are dyadic, triadic, or tetradic, etc., the discussion of dyadic relations will be 
sufficient. 

The “product”, R x S, or R S, will represent the class of all those couples 
(x; y) such that ¢ Ry anda Sy are both true. The “sum”, R+58, will be 
the class of all couples (x; y) such that at least one of the two, x Ry and 
x Sy, holds. The negative of R, -R, will be the class of couples (x; y) for 
which a R y is false. 

The null-relation, 0, will be the null-class of couples. If the class of 
couples (¢; u) for which ¢ R w is true, is a class with no members, and the 
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class of couples (v; w) for which v S w is true is also a class with no members, 
then Rand S have the same extension. It is this extension which 0 repre- 
sents. Thus R = 0 signifies that there are no two things, ¢ and u, such 
that ¢ Rw is true—that nothing has the relation R to anything. Similarly, 
the universal-relation, 1, is the class of all couples (in the universe of dis- 
course). 

The inclusion, R ¢ S, represents the assertion that every couple (2; y) 
for which x R y is true is also such that x S y is true; or, to put it otherwise, 
that the class of couples (x; y) for which a Ry is true is included in the 
class of couples (u; v) for which w S vis true. Perhaps the most satisfactory 
reading of R cS is “The presence of the relation R implies the presence of 
the relation S”. R =S, being equivalent to the pair, RcS and ScR, 
signifies that R and S have the same extension—that the class of couples 
(x; y) for which x Ry is true is identically the class of couples (u; v) for 
which w S v is true. 

It is obvious that all the postulates, and hence all the propositions, of 
the Boole-Schréder Algebra hold for relations, so interpreted. 

1-1 If Rand S are relations (that is, if there is a class of couples (2; y) 
such that 2 R y is true, and a class of couples (w; v) such that w S v is true), 
then R xS is a relation (that is, there is a class of couples (w; z) such that 
wRzandwSzare both true). If Rand S be such that there is no couple 
(w; 2) for which w Rz and w S z both hold, then R x S is the null-relation, 0 
—i. e., the null-class of couples. 

1-2 The class of couples (w; y) for which x Ry and x R y both hold is 
simply the class of couples for which z R y holds. 

1-3 The class of couples denoted by R xS is the same as that denoted 
by S xh—namely, the class of couples (x; y) such that a Ry and xS y 
are both true. 

1-4 The class of couples (x; y) for which a Ry, «Sy, and a Ty all 


hold is identically the same in whatever order the relations be combined 
ee a Hate bce ae Bc =n (Mane aon esa fy 

1-5 Rx0 = 0—1. e., the product of the class of couples for which « R y 
holds and the null-class of couples is the null-class of couples. 

1-6 For every relation, R, there is a relation -R, the class of couples 
for which 2 R y is false, and -R is such that: 

1-61 If the relation Rx-S is null (that is, if there is no couple such 
that « Ry is true and x Sy is false), then RxS = R (that is, the class of 
couples for which x R y is true is identically the class of couples for which 
«Ry and x S y are both true); and 
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1-62 If RxS = R and Rx-S = R, then R = 0—i. e., if the class of 
couples for which « Ry and « S y are both true is identically the class of 
couples for which x Ry is true, and if also the class of couples for which 
«Ry is true and x S y is false is identically the class of couples for which 
x Ry is true, then the class of couples for which 2 R y is true is null. 

1:7 1 = -O—. e., the universal class of couples is the negative of the 
null-class of couples, within the universe of discourse of couples. 

1-8 R+S = -(-Rx-S)—. e.,. the class of couples (a; y) such that 
at least one of the two, x Ry and z S y, is true is the negative of the class 
of couples for which « Ry and x S y are both false. 

1:9 RxS = Ris equivalent to R cS—.e., if the class of couples (a; y) 
for which x Ry and z S y are both true is identical with the class of couples 
for which 2 R y is true, then the presence of R implies the presence of S; 
and if the presence of R implies the presence of S, then the class of couples 
(x; y) for which x R y is true is identical with the class of couples for which 
xRyand2xS y are both true.® 


33 For a further discussion of the logic of relations, see Chap. Iv, Sect. v. 
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We are concerned, in the present chapter, with the “calculus of propo- 
sitions” or calculus of “material implication ’’, and with its extension to 
propositional functions. We shall discover here two distinct modes of 
procedure, and it is part of our purpose to set these two methods side by side. 

The first procedure takes the Boole-Schréder Algebra as its foundation, 
interprets the elements of this system as propositions, and adds to it a 
postulate which holds for propositions but not for logical classes. The 
result is what has been called the “Two-Valued Algebra”, because the 
additional postulate results in the law: For any 2, if « + 1, then a = 0, 
and if a + 0, then x = 1. This Two-Valued Algebra is one form of the 
calculus of propositions. The extension of the Two-Valued Algebra to 
propositions of the form gz,, where x, is an individual member of a class 
composed of 21, ae, x3, etc., gives the calculus of propositional functions. 
II and > functions have a special significance in this system, and the relation 
of “formal implication’’, I,(¢a ¢ yx), is particularly important. In terms 
of it, the logical properties of relations—including the properties treated 
in the last chapter but going beyond them—can be established. This is 
the type of procedure used by Peirce and Schroder. 

The second method—that of Principia Mathematica—begins with the 
calculus of propositions, or calculus of material implication, in a form which 
is simpler and otherwise superior to the Two-Valued Algebra, then pro- 
ceeds from this to the calculus of propositional functions and formal impli- 
cation, and upon this last bases not only the treatment of relations but also 
the “calculus of classes”. 

It is especially important for the comprehension of the whole subject 
of symbolic logic that the agreement in results and the difference of method, 
of these two procedures, should be understood. Too often they appear to 
the student simply unrelated. 


I. Tue Two-Vatuep ALGEBRA! 


If the elements a, b, ... p, q, ete., represent propositions, and a xb or 
ab represent the joint assertion of a and b, then the assumptions of the 


‘See Schroder, Algebra der Logik: 1, especially Fiinfzehnte Vorlesung. An excellent 
summary is contained in Schréder’s Abriss (ed. Miller), Teil 1m. 
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Boole-Schréder Algebra will all be found to hold for propositions, as was 
explained in the last chapter.2 As was there made clear, p = 0 will repre- 
sent “p is false”, and p = 1, “p is true”. Since 0 and 1 are unique, it 
follows that any two propositions, p and q, such that p = 0 and q = 0, 
or such that p = 1 and gq = 1, are also such that p = q. p = q, in the 
algebra, represents a relation of extension or “truth value’’, not an equiva- 
lence of content or meaning. 

-p symbolizes the contradictory or denial of p. 

The meaning of p+q is readily determined from its definition, 

SUE oy ire) 
p+q is the denial of “p is false and q is false’’, or it is the proposition 
“At least one of the two, p and q, is true”. p+q may be read loosely, 
“Either p is true or g is true”. The possibility that both p and g should 
be true is not excluded. 

p cq is equivalent to pg = pand to p-q = 0. pcq is the relation of 
material implication. We shall consider its properties with care later in 
the section. For the present, we may note simply that p ¢q means exactly 
“Tt is false that p is true and q false”’. It may be read “If 7p is true, q is 
true’’, or “p (materially) implies q”’. 

With the interpretations here given, all the postulates of the Boole- 
Schroder Algebra are true for propositions. Hence all the theorems will 
also be true for propositions. But there is an additional law which holds 


for propositions: 


” 


“The proposition, p, is equivalent to ‘p is true’”’. 
from this that 


It follows immediately 


oO ep oa! = (pe 0) 
“—» is equivalent to ‘p is false’”. It also follows that.-p = -(p = 1), 
and hence 
~(p=1)=(p=0), and -(p =0) = (p= 1) 


coe ce 


p = lisfalse’ is equivalent to p = 0”, and “‘p = 0 is false’ is equivalent 
to p=1”. Thus the calculus of propositions is a two-valued algebra: 
every proposition is either = 0 or = 1, either true or false. We may, then, 
proceed as follows: All the propositions of the Boole-Schréder Algebra 


2 However, many of the theorems, especially those concerning functions, eliminations, 
and solutions, are of little or no importance in the calculus of propositions. 
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which were given in Chapter II may be regarded as already established in 
the Two-Valued Algebra. We may, then, simply add another division of 
propositions—the additional postulate of the Two-Valued Algebra and the 
additional theorems which result from it. Since the last division of the- 
orems in Chapter II was numbered 8-, we shall number the theorems of 
this section 9-. 

The additional postulate is: 
9-01 For every proposition p, p = (p = 1). 

And for convenience we add the convention of notation: 
9:02 -(p = q) is equivalent to p + q. 
As a consequence of 9-01, we shall have such expressions as -(p = 1) and 
-(p = 0). 9-02 enables us to use the more familiar notation, p + 1 and 
Daa: 

It follows immediately from 9-01 that the Two-Valued Algebra cannot 
be viewed as a wholly abstract mathematical system. For whatever p 
and 1 may be, p = 1 is a proposition. Hence the postulate asserts that 
any element, p, in the system, is a proposition. But even a necessary 
interpretation may be abstracted from in one important sense—no step in 
proof need be allowed to depend upon this interpretation. This is the 
procedure we shall follow, though it is not the usual one. It will appear 
shortly that the validity of the interpretations can be demonstrated within 
the system itself. 

In presenting the consequences of 9-01 and 9-02, we shall indicate 
previous propositions by which any step in proof is taken, by giving the 
number of the proposition in square brackets. Theorems of Chapter II 
may, of course, be used exactly as if they were repeated in this chapter. 


Only —p =i (p =); 

[9-01] -p = (-p = 1). And [3-2] -p = 1 is equivalent to p = 0. 
9:12 -p=(p ee 15 

[9-01] p> = DP =1). Hence [3- 
9-13 (» +1) =(p=0). 

[(9-1-12] 
9:14. (p+ 0) = (p 

[9-18, 3-2] 


i 


-p=-(p=1) = (p + 1). 


Ly, 


9-13 and 9-14 together express the fact that the algebra is two-valued. 
Every proposition is either true or false. 
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Up to this point—that is, throughout Chapter II[—we have written the 
fowical@relatiousa. life a thenvay 0° Hithem ass ores.) “Bott 

. and .. .”, etc., not in the symbols of the system but just as they 
would be written in arithmetic or geometry or any other mathematical 
Syereminmay) espa vernad no right to do otherwise, Thatwiss) sc... 3” 
1s by interpretation “If... , then ...”, and “...+.. .” is by inter- 
pretation “Either... or . . .”, does not warrant us in identifying the 
theorem “If acb, then -bc-a” with “(acb) ¢(-bc-a)”. We have 
had no more reason to identify “If... , then...” in theorems with 
“ c ...” than a geometrician would have to identify the period at 
the end of a theorem with a geometrical point. The framework of logical 
relations in terms of which theorems are stated must be distinguished from 
the content of the system, even when that content is logic. 


’” 


But we can now prove that we have a right to interchange the joint 
assertion of p and q with p xq, “If p, then q”, with peg, ete. We can 
demonstrate that if p and q are members of the class K, then pcq is a 
member of K, and that “If p, then q’’, is equivalent to pcg. And we can 
demonstrate that this is true not merely as a matter of interpretation but 
by the necessary laws of the system itself. We can thus prove that writing 
the logical relations involved in the theorems—“ Either... or.. .,” 
ole reenact Ali suc Ge tDeN scene ine terms: Olt, “x, .C; 
etc., is a valid procedure. 

The theorems in which these things are proved are never needed here- 
after, except in the sense of validating this interchange of symbols and their 
interpretation. Consequently we need not give them any section number. 


(1) If pis an element in K, p = 1 and p = 0 are elements in K. 
[9-01] If p is an element in K, p = 1 is an element in K. [1-6] 
If p is an element in K, -p is an element in K, and hence [9-1] p = 0 


is an element in Wy. 


(2) The two, p and gq, are together equivalent to p xq, or pq. 
[9:01] pg = (pg =1). [5-73] pq =1 is equivalent to the 
pair, p = 1 and q = 1, and hence [9-01] to the pair, p and q. 
(3) If p and q are elements in K, then p ¢q is an element in K. 
[4-9] p ¢q is equivalent to p-q = 0, and hence [9-1] to -(p-q). 
But if p and ¢ are elements in K, [1-6, 1-1] -(p -g) is an element in K. 
(4) -p is equivalent to “p is false”’. 
[9-12] -p = (p + 1), and [8-01] p + 1 is equivalent to “p = 1 
is false’’, and hence [9-01] to “p is false”’. 
16 
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(5) peq is equivalent to “If p, then q”. 

[5-64] peg gives “If p = 1, then g = 1”, and hence [9-01] 
“Tf p, then q”. 
And “If p, then q” gives p ¢q, for [9-01] it gives “If p = 1, then 
g = 1 ,"and 

(a) Suppose as a fact p = 1. Then, by hypothesis, g = 1, and 
[2-2] p cq. 

(b) Suppose that p + 1. Then [9-14] p = 0, and [5-63] peg. 


(6) If p and q are elements in K, then p = q is an element in K. 
[7-1] p =q is equivalent to p-q+-pq = 0, and hence [9-1] 
to -(p-q+-pq). Hence [1-6, 1-1, 3-35] Q.E.D. 


(7) p = qis equivalent to “~p is equivalent to q”’. 
[2-2] p = qis equivalent to “pcg and qcp”. 
By (5) above, “pcq and q¢p”’ is equivalent to “If p, then q, and 
if g, then p”. And this is equivalent to “p is equivalent to q”’. 


(8) If p and q are elements in K, then p + q is an element in K. 
[OO 21 pag) ee (Dad) 
Hence, by (6) above and 1-6, Q.E.D. 


(9) p + qis equivalent to “p is not equivalent to q”’. 
By (4) and (2) above, Q.E.D. 


(10) p+q is equivalent to “At least one of the two, p and q, is true. 
eS lp heai (op?) 
By (4) and (2) above, -(-p-gq) is equivalent to “It is false that 
(p is false and q is false)”. And this is equivalent to “At least one 


’ 


of the two, p and q, is true”’. 


In consideration of the above theorems, we can henceforth write “. 
C sche LOT gall Moa ey COD gre to) Gp suse cacy eee CO eee re es haan 
£0 «fo kets ee for Hither ...-. of 22 ete. forewentarve 
proved that not only all expressions formed from elements in K and the 
relations x and + are elements in K, but also that expressions which in- 
volve ¢, and =, and + are elements in the system of the Two-Valued 
Algebra: The¥equivalencerof= Ii...) then... with Coenen 
of “Both -*. sand >..." with ©. 19 x. "ete. is no longer a matter 
of interpretation but a consequence of 9-01, p = (p = 1). Also, we can 
go back over the theorems of Chapter IT and, considering them as propositions 
of the Two-Valued Algebra, we can replace “If ..., then...”, ete., 
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by the symbolic equivalents. Each theorem not wholly in symbols gives a 
corresponding theorem which is wholly in symbols. But when we consider 
the Boole-Schréder Algebra, without the additional postulate, 9-01, this 
procedure is not valid. It is valid only where 9-01 is one of the postulates— 
i. e., only in the system of the Two-Valued Algebra. 

Henceforth we shall write all our theorems with p ¢¢q for “If p, then q”’, 
p = q¢ for “p is equivalent to q’’, etc. But in the proofs we shall frequently 
Hseeelisamewe a Liem stead col “2. Ci. .8’, Sete. because the 
symbolism sometimes renders the proof obscure and makes hard reading. 
(That this is the case is due to the fact that the Two-Valued Algebra does 
not have what we shall hereafter explain as the true “logistic”’ form.) 


9-15 0+ 1. 
0 =0. Hence [9-13] 0 + 1. 


OF 16 =P = 9) (p= -9): 
Gai pg andi. — 1) then.g == Vand!|9«13| g = 0. 
Andit p_= 1,|3-2)-p = 0. Hence —p = g. 
(2) lt p= gand p + 1, then [9:13] 9 = 0; and [3-2] -p = 1. 
Hence if p + q, then g + 0, and [9-14] gq = 1 = -p. 
(3) i —p = Gand g— 1) then —p — 1, and [3-2] p = 0; 
Hence [9-15] p + q. 
(4) If -p = g and qg + 1, then -p + 1, and [9-13] -p = 0. 
Hence [3-2] p = 1, and p + gq. 
By (1) and (2), if p + q, then -p = q. And by (8) and (4), if 
-p = q, then p + q. Hence p + q and -p = qare equivalent. 
ADOe Zita = o)o= (p97). 
This theorem illustrates the meaning of the relation, =, in the calculus 
of material implication. If p + q, then either p = 1 and q = 0 or p =0 
andg=1. Butif p = 1, then-p = 0, and if p = 0,then-p = 1. Hence 
the theorem. Let p represent “Caesar died”, and q represent “There is 
no place like home”. If “Caesar died” is not equivalent to “There is 


b 


no place like home”, then “Caesar did not die” is equivalent to “There 
is no place like home”. The equivalence is one of truth values—{ = 0} or 
{= 1}—not of content or logical significance. 
9:17 p=( = 1) = (p+ 0) = Cp = 0) = Cr+ 1). 

[9-01-13-14-16] 
9-18 -p=(p=0) = (p+ 1) = Cp=1)= (p+ 0). 

[9-1-13-14-16] 
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0:2 (p= 1)(p = 0) = 0. 

[2-4] p-p =0. And [9-01] p = (p = 1); [9-1] -p= (= 0). 
No proposition is both true and false. 
has (Gai Sa Gee 0) ie 

[2-4] -pp =0. And [9-18] -p = (p + 1); [9-17] p = (p + O). 
9:22 (p=1)+(p =0) = 1. 

[4-8] p+-p = 1. Hence [9-01-1] Q. E. D. 
Every proposition is either true or false. 


9°23 p= IHG = eal: 
[4-8, 9-01-1] 
Theorems of the same sort as the above, the proofs of which are obvious, 
are the following: 


9:24 (pq) = (paq=1) = 7 +9) = (PH)G=) = (Pp = ONG + V) 
= (p = 0)¢ = 1) = (P= DG + 0) = -(pt+-@) 
= (-p+-q = 0) = [(p = 0) + (q = 0) = 0) 
=| (piel) +(o.-be 1) = Olete> ete: 
9:25 (ptq) = (ptqg=1) = (tg = 9) = (PH)tEGH=)N 
= (p + 0) +(¢ + 0) = -(-p-@) = [(p = 0)(q = 0) = OJ 
= [(p + 1)(q = 1) + 1], ete., ete. 


These theorems illustrate the variety of ways in which the same logical 
relation can be expressed in the Two-Valued Algebra. This is one of the 
defects of the system—its redundancy of forms. In this respect, the 
alternative method, to be discussed later, gives a much neater calculus of 
propositions. 

We turn now to the properties of the relation ¢. We shall include here 
some theorems which do not require the additional postulate, 9-01, for the 
sake of bringing together the propositions which illustrate the meaning of 
“material implication”’. 

9-3 (pcg) = (ptq) = (p-q= 0). 
[ee 8) Cp Cg) (page) = ep gie 1), 
[9-01] (-p+q = 1) = -pr+q). 
“» materially implies q” is equivalent to “Either p is false or g is true”’, 
and to “It is false that p is true and q false”’. 

Since p¢q has been proved to be an element in the system, “It is false 

that p materially implies q” may be symbolized by -(p ¢q). 
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9-31 -(peq) = (-p+q = 0) = (p-9). 
[3-4] -(-p+q) = p-qg. And [9-3] -(p¢q) = -(-p+9). 
[9-02] --p+q) = -p+q = 0). 
“» does not materially imply q” is equivalent to “It is false that either p 
is false or q is true”, and to “‘p is true and q false”. 


9:32 (p = 0) c(peg). 
[5-63] Ocqg. Hence Q.E.D. 
If p is false, then for any proposition g, p materially implies g. This is 


the famous—or notorious—theorem: “A false proposition implies any 
proposition”’. 


9:33 (¢=1)c(pcg). 
[5-61] pcl. Hence Q.E.D. 


This is the companion theorem: “A true proposition is implied by any 
proposition”’. 


O34 --(p Cq.e(p = 1), 
The theorem follows from 9-32 by the reductio ad absurdum, 
since if -(p cq), then [9-32] p + 0, and [9-14] p = 1. 
If there is any proposition, g, which p does not materially imply, then p is 
true. This is simply the inverse of 9-32. A similar consequence of 9-33 is: 


9°35) -(9 cq) <(g-= 0). 
If -(p cq), then [9-33] ¢ + 1, and [9-13] g = 0. 
If p does not materially imply q, then q is false. 


9:36 -(pcqg) c(pc-q); -(peg c(-peg; -(peg) ¢(-pe-9). 
[9-34-35] If -(p cq), then p = 1 and g = 0. 
[3-2] If p = 1, —p = 0, and if q = 0, then -g = 1. 
[9-32] If -p = 0, then -p cq and -p c~q. 
[9-33] If -¢ = 1, then pc-g. 


If p does not materially imply g, then p materially implies the negative, 
or denial, of g, and the negative of p implies q, and the negative of p implies 
the negative of g. If “Today is Monday” does not materially imply 
“The moon is made of green cheese’’, then “Today is Monday” implies 
“The moon is not made of green cheese”, and “Today 7s not Monday”’ 
implies “The moon is made of green cheese’’, and “Today 7s not Monday” 
implies “The moon 7s not made of green cheese”’. 

Some of the peculiar properties of material implication are due to the 
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fact that the relations of the algebra were originally devised to represent 
the system of logical classes. But 9-36 exhibits properties of material 
implication which have no analogy amongst the relations of classes. 9-36 
is a consequence of the additional postulate, p = (p = 1). For classes, ¢ 
represents “is contained in”: but if a is not contained in b, it does not 
follow that a is contained in not-b—a may be partly in and partly outside 
of b. 
9-37 -(peq) ¢ (7 Cp). 

[9-36] If -(p ¢q), then -p c-q, and hence [3-1] g ¢p. 
Of any two propositions, p and q, if p does not materially imply q, then g¢ 
materially implies p. 
9-38 (pq) cl(pcag)(gcp)]. 

[9-24] pg = (p = 1)(q = 1). Hence [9-33] Q.E.D. 
If p and gq are both true, then each materially implies the other. 
9:39 (-p-qg) clpeg(qep)l. 

ea Dome ey ae B GLP = TG AI dhe 

Hence [9-32] Q.E.D. 


If p and q are both false, then each materially implies the other. 
For any pair of propositions, p and q, there are four possibilities: 


1) p =1, g =1: p true, g true. 


2) p = 0, g = 0: p false, ¢ false. 
3) p= 0, q =1: p false, g true. 
4) p =1, gq = 0: p true, g false. 


Now in the algebra, 0c 0, 1¢1, and 0¢1; but 1©€0 is false. Hence in 
the four cases, above, the material implications and equivalences are as 
follows: 


1) p60, GC, p. =.0. 

2) 0 GO, 0 © hy pisecg, 

3) pg -(GCp), p + 4. 

4) -(peqg), op, Pp + q. 
This summarizes theorems 9-31-9-39. These relations hold regardless of 
the content or meaning of p and g. Thus pc¢q and p = q are not the 
“implication”’ and “equivalence”’ of ordinary logic, because, strictly speak- 
ing, p and q in the algebra are not “propositions” but simply the “truth 
values” of the propositions represented. In other words, material impli- 
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cation and material equivalence are relations of the extension of proposi- 
tions, whereas the “implication” and “equivalence’’ of ordinary logic are 
relations of intension or meaning. But, as has been mentioned, the material 
implication, p¢q, has one most important property in common with “q 
can be inferred from p” in ordinary logic; if p is true and q false, p cq 
does not hold. And the relation of material equivalence, p = q, never 
connects a true proposition with a false one. 

These theorems should make as clear as it can be made the exact 
meaning and character of material implication. This is important, since 
many theorems whose significance would otherwise be very puzzling follow 
from the unusual character of this relation. 

Two more propositions, of some importance, may be given: 


9-4 (pqer) = qper) =[pc(ger)] = [ge(per)]. 
[1-3] pqg=qp. Hence [3-2] -(pq) =-(qp), and [-(pq) +7] 
ike CO arde 
But [9-3] [-(p g) +r] = (pqer), and [-(q p) +7] = (qper). 
And [8-41] [-(p q) +7] = [(-p+-q) +7] = [-p+ (-¢+7)] =[pe(qer)] 
Similarly, [-(q¢ p) +7] = [qe (per)]. 


This theorem contains Peano’s Principle of Exportation, 
(py) er] el[pe(@er)] 
“Tf pq implies r, then p implies that g implies r’”’; and his Principle of 
Importation, 
Ipce(qger]clpq er 
“Tf p implies that q implies r, then if p and q are both true, r is true.” 
9-5 [(pq) er] = [(p-r) €-q] = [q-r) cpl. 
[9-3] [@q) cr] = [-@ aq) trl = [Cot+—¢) +7] = ptr) +9] 
= lege t) A p)= l(t) td) tele =|: 
[9-3] [-(p-r) +-q] = [(p-r) ¢-q], and 
i(@ =n) + pl 0 =n.oap i. 
If p and q together imply r, then if p is true but r is false, gq must be false, 
and if q is true but r is false, p must be false. This is a principle first stated 
by Aristotle, but especially important in Mrs. Ladd-Franklin’s theory of 
the syllogism. 
We have now given a sufficient number of theorems to characterize the 
Two-Valued Algebra—to illustrate the consequences of the additional 
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postulate p = (p = 1), and the properties of peg. Any further theorems 
of the system will be found to follow readily from the foregoing. . 

A convention of notation which we shall make use of hereafter is the 
following: A sign =, unless enclosed in parentheses, takes precedence over 
any other sign; a sign ¢, unless enclosed in parentheses, takes precedence 
over any + or x; and the sign +, unless enclosed in parentheses, takes 
precedence over a relation x. This saves many parentheses and brackets. 


Il. Tue Caucuius or ProposirionaAL Functions. FUNCTIONS OF ONE 
VARIABLE 


The calculus of propositional functions is an extension of the Two- 
Valued Algebra to propositions which involve the values of variables. Fol- 
lowing Mr. Russell,? we may distinguish propositions from propositional 
functions as follows: A proposition is any expression which is either true 
or false; a propositional function is an expression, containing one or more 
variables, which becomes a proposition when each of the variables is re- 
placed by some one of its values. 

There is one meaning of “Today is Monday” for which ‘today’ denotes 
ambiguously Jan. 1, or Jan. 2, or. . . , etc. For example, when we say 
““Today is Monday’ implies ‘Tomorrow is Tuesday’’’, we mean that if 
Jan. 1 is Monday, then Jan. 2 is Tuesday; if Jan. 2 is Monday, then Jan. 
3 is Tuesday; if July 4 is Monday, then July 5 is Tuesday, ete. ‘Today’ 
and ‘tomorrow’ are here variables, whose values are Jan. 1, Jan. 2, Jan. 3, 
etc., that is, all the different actual days. When ‘today’ is used in this 
variable sense, “Today is Monday” is sometimes true and sometimes false, 
or more accurately, it is true for some values of the variable ‘today’, and 
false for other values. “Today is Monday” is here a propositional function. 

There is a quite different meaning of “Today is Monday” for which 
‘today’ is not a variable but denotes just one thing—Jan. 22, 1916. In 
this sense, if “Today is Monday”’ is true it is always true. It is either 
simply true or simply false: its meaning and its truth or falsity cannot 


COTYN 


change. For this meaning of ‘today’, “Today is Monday” is a proposition. 
‘Today,’ meaning Jan. 16, 1916, is one value of the variable ‘today’. When 
this value is substituted for the variable, then the propositional function is 
turned into a proposition. 

’See Principles of Mathematics, Chap. vu, and Principia Mathematica, 1, p. 15. Mr. 
Russell carries out this distinction in ways which we do not follow. But so far as is here 


in question, his view is the one we adopt. Principia Mathematica is cited hereafter as 
Principia. 
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We may use ga, ¥(2, y), &(2, y, 2), ete., to represent propositional 
functions, in which the variable terms are a, or a and y, or 2, y, and 2, etc. 
These propositional functions must be carefully distinguished from the 
functions discussed in Chapter II. We there used f, F, and the Greek 
capitals, ®, WV, etc., to indicate functions; here we use only Greek small 
letters. Also, for any function of one variable, we here omit any parenthesis 
around the variable— xv, py, ¢x. 

f(x), V(x, y), ete., in Chapter II are confined to representing such 
expressions as can be formed from elements in the class K and the relations 
x and +. If x and y in W(a, y) are logical classes, then W(x, y) is some 
logical class, such as «+y or ax+b-y. Or if x in f(z) is a proposition, 
then f(x) is some proposition such as ax or -x+b. The propositional 
functions, ga, (a, y), (a, y, 2), ete., are subject to no such restriction. 
gu becomes a proposition when x is replaced by one of its values, but it 
does not necessarily become any such proposition as ax or -r+b. ‘x is 
Monday,’ ‘x is a citizen of y,’ ‘y is between a and z’—these are typical 
propositional functions. They are neither true nor false, but they become 
either true or false as soon as terms denoting individual things are sub- 
stituted for the variables x, y, etc. All the functions in this chapter are 
such propositional functions, or expressions derived from them. 

A fundamental conception of the theory of propositional functions is 
that of the “range of significance’. 
is determined by the extent of the class, or classes, of terms which are 


The range of significance of a function 


values of its variables. All the terms which can be substituted for 2, in 
gx, and ‘make sense’, constitute the range of gx. If gw be ‘x is mortal’, 
the range of this function is the aggregate of all the individual terms for 
which ‘x is mortal’ is either true or false. Thus the “range of significance” 


‘ 


is to propositional functions what the “universe of discourse”’ is to class 
terms. Two propositional functions, gv and wy, may be such that the 
class of values of x in gv, or the range of ¢2, is identical with the class of 
values of y in yy, or the range of yy. Or the two functions may have 
different ranges of significance. ‘x isa man’ and ‘a is a poet’ will have the 
same range, though the values of x for which they are true will differ. Any x 
for which ‘x is a man’ is either true or false, is also such that ‘x is a poet’ 
is either true or false. But some x’s for which ‘a is a poet’ is either true 
or false are such that ‘x precedes a+1’ is nonsense. ‘x is a poet’ and 
‘x precedes x +1’ have different ranges.‘ It is important to note that the 


4 According to Mr. Russell’s “theory of types” (see Principia, 1, pp. 41-42), the one 
fundamental restriction of the range of a propositional function is the principle that nothing 
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range of gx is determined, not by x, but by ¢. gw and gy are the same 
function. 

If we have a propositional function of two variables, say ‘x is a citizen 
of y’, we must make two substitutions in order to turn it into a proposition 
which is either true or false. And we conceive of two aggregates or classes— 
the class of values of the first variable, z, and the class of values of the second 
variable, y. These two classes may, for a given function, be identical, or 
they may be different. It depends upon the function. “John Jones is a 
citizen of Turkey” is either true or false; “Turkey is a citizen of John 
Jones” is nonsense. But “3 precedes 5” is either true or false, as is also 
“5 precedes 3’. The range of 2 and of y in ¥(a, y) depends upon y, not 
upon @ and y. 

A convenient method of representing the values of 2 in ¢@ is by 21, 22, 
a3, etc. This is not to presume that the number of such values of 2 in gx 
is finite, or even denumerable. Any sort of tag which would distinguish 
these values as individual would serve all the uses which we shall make 
of a1, 2, 23, etc., equally well. If a1, x2, 23, etc., are individuals,® then 
GX1, EX», gxs3, etc., will be propositions; and gx, will be a proposition. 
gv3 1s a proposition about a specified individual; gx, is a proposition about 
‘a certain individual’ which is not specified.6 Similarly, if the values of x 
in ¥(x, y) be 21, tz, vz, etc., and the values of y be yi, yo, y3, etc., then 
W(ao, Ys), (22, Yn), W(Lmy Yn), etc., are propositions. 

We shall now make a new use of the operators II and 2, giving them 
a meaning similar to, but not identical with, the meaning which they had 
in Chapter II. To emphasize this difference in use, the operators are here 
set in a different style of type. We shall let S,¢a represent ¢21 + gto + ¢23 
+... to as many terms as there are distinct values of 2 in gv. And Il, ¢x 
will represent 21 X ga. X gv3 x... to as many terms as there are distinct 
values of x in gr. (We have heretofore abbreviated a xb to ab or a:b. 
But where propositional functions are involved, the form of expressions is 
that presupposes the function, or a function of the same range, can be a value of the func- 
tion. It seems to us that there are other restrictions, not derived from this, upon the 
range of a function. But, fortunately, it is not necessary to decide this point here. 

° “Individuals” in the sense of being distinct values of « in gv—which is the only 
conception of “individual” which we require. 

6‘ Jt may be urged that gx, is not a proposition but a propositional function. The 
question is most difficult, and we cannot enter upon it. But this much may be said: 
Whenever, and in whatever sense, statements about,an unspecified individual can be 
asserted, gx, 18 a proposition. If any object to this, we shall reply “A certain gentle- 


man is confused’, Peirce has discussed this question most acutely. (See above, pp. 
93-94.) 
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likely to be complex. Consequently we shall, in this chapter, always 
write “products” with the sign x.) 

The fact that there might be an infinite set of values of x in ex does 
not affect the theoretical adequacy of our definitions. For nothing here 
depends upon the order of gt, gtn, ¢%p, and it is only required that the 
values of x which are distinct should be identifiable or “tagable”. The ob- 
jection that the values of x might not be even denumerable is more serious, 
but the difficulty may be met by a device to be mentioned shortly. 

Since ¢%1, ¢X2, gs, etc., are propositions, gv: + gt+ gt3t... is a 
proposition—the proposition, “Either gx, or gr. or gr3 or... ete.”. Thus 
y,¢gu represents “For some value of x (at least one), gx is true’. And 
Z.¢ge isa proposition. Similarly, gx: x gx, x gx; x... is the joint assertion 
of gx; and gx. and ¢x;, ete. Thus I, ¢x represents the proposition “For 


] 


all values of x, gx is true’. We may translate Z,¢2 loosely by “ ¢v is 
sometimes true’’, and II,¢x loosely by “ gx is always true”. This trans- 
lation fails of literal accuracy inasmuch as the variations of xz in gx may 
not be confined to differences of tvme. 

The conception of a propositional function, ¢a, and of the class of values 
of the variable in this function, thus give us the new types of proposition, 
v3, tn, Zzga, and Il,gx. Since the laws of the Two-Valued Algebra 
hold for propositions generally, all the theorems of that system will be 
true when propositions such as the above are substituted for a, b, ... p, q, 
etc. (We must, of course, remember that while a, b, ... p, q, etc., in the 
Two-Valued Algebra represent propositions, x in ga, ete., is not a proposi- 
tion but a variable whose values are individual things. In the theorems 
to follow, we shall sometimes need a symbol for propositions in which no 
variables are specified. To avoid any possible confusion, we shall represent 
such propositions by a capital letter, P.) We may, then, assume as already 
proved any theorem which can be got by replacing a, b, ... p, g, ete., in 
any proposition of the Two-Valued Algebra, by gas, gn, 2¢x, or IL, ge. 
Additional theorems, which can be proved for propositions involving values 
of variables, will be given below. These are to be proved by reference to 
earlier theorems, in Chapter II and in Section I of this chapter. As before, 
the number of the theorem by which any step in proof is taken will be given 
in square brackets. Since the previous theorems are numbered up to 9-, 
the additional theorems of this section will be numbered beginning with 10-. 

One additional assumption, beyond those of the Two-Valued Algebra, 
will be needed. The propositions which have been proved in sufficiently 
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general form to be used where sums and products of more than three terms 
are in question all require for their demonstration the principle of mathe- 
matical induction. If, then, we wish to use those theorems in the proofs 
of this section, we are confronted by the difficulty that the number of 
values of z in gv, and hence the number of terms in Y,ga and Il,gr may 
not be finite. And any use of mathematical induction, or of theorems 
dependent upon that principle for proof, will then be invalid in this con- 
nection. Short of abandoning the proposed procedure, two alternatives 
are open to us: we can assume that the number of values of any variable 
in a propositional function is always finite; or we can assume that any 
law of the algebra which holds whatever finite number of elements be involved 
holds for any number of elements whatever. The first of these assumptions 
would obviously be false. But the second is true, and we shall make it. 

This also resolves our difficulty concerning the possibility that the 
number of values of x in gx might not be even denumerable, and hence 
that the notation gv, + gv. + gv3+... and ga * gt, x o¥3 x... might be 
inadequate. We can make the convention that if the number of values of x 
in any function, ga, be not finite, ga, + gro+ ot3+..., or Lex, and 
gu, X Yt, X gas X..., or I,¢a, shall be so dealt with that any theorem to 
be proved will be demonstrated to hold for any finite number of values 
of x in gx; and this being proved, our assumption allows us to extend the 
theorem to any case in which the values of the variable in the function are 
infinite in number. This principle will be satisfactorily covered by the 
convention that gai + gt. + gus+... and gr * gt x ox3 x... shall always 
be supposed to have a finite but wndetermined number of terms, and any 
theorem thus proved shall be presumed independent of the number of 
distinct values of any variable, x, which is involved.? 

This postulate, and the convention which makes it operative, will be 
supposed to extend also to functions of any number of variables, and to 
sums, products, and negatives of functions. 

No further postulates are required, but the following definitions are 
needed: 


10:01 Zor = Drex = gat Got GUst.... Def. 
10:02 Iler = Il,gu = or, * oto X vty X.... Def. 
10:03 -gxr = -{ er}. Def. 


’ This procedure, though not invalid, is far from ideal, as are many other details of 
this general method. We shall gather the main criticisms together in the last section of 
this chapter. But it is a fact that in spite of the many defects of the method, the results 
which it gives are without exception valid. 
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10-031 -g2, = -{¢2,}. Def. 
10:04 -II,gr = -{II,¢r}. Def. 
10:05 -2.g¢ = -{2,¢r} Def. 


The last four merely serve to abbreviate the notation. 


Elementary theorems concerning propositions which involve values of 
one variable are as follows: 


10:1 Zea = -Il-en. 

[5-951] GX1 + GXot GXU3Z+... = -{-2, MARU) ers eMGHUY OS 3 0 5 ie 
10:12 Uer = -2-¢72. 

[5-95] gai x gto X gasX... = -{[-gat-grte+-ga3t...}. 


10-1 states that “For some values of x, gv is true’’ is equivalent to the 
denial of “For all values of 2, oz is false’. 10-12 states that “For all 
values of 2, gx is true” is equivalent to the denial of “For some values 
of x, gx is false”. These two represent the extension of De Morgan’s 
Theorem to propositions which involve values of variables. They might 
be otherwise stated: “It is true that all x is ---” is equivalent to “It is 


false that some x is not ---’’; and “It is true that some a is ---” is equiva- 
lent to “It is false that all x is not ---”’. 


OS 2 opienu ns 
[5:99] va, * gr; gagX... C GX 
and gt; X gt, X 83%... © Oy 
and 21 X g% X 3%... C gts, etc., etc. 
10-2 1 or) Ge or. 
[5-991] GL, © OX, + OXoF GUZF... 
and 9X2 € oX1 + Glot GU3t... 
and g%3 © g%1+ gt,+ ot3+..., etc., ete. 


By 10-2, if gx is true for all values of x, then it is true for any given value 
of 2, or “ What is true of all is true of any given one’’. By 10-21, If ¢x is 
true for oné given value of x, then it is true for some value of x, or “ What 
is true of a certain one is true of some”. It might be thought that the 
implication stated by 10-21 is reversible. But we do not have 2¢ge ¢ ¢@,, 
because ga, may be gro, and Y¢gxr ¢ gx, would not hold generally. For 
example, let gx = “Today (x) is Monday”. Then 2 gx will mean “Some 
day is Monday”, but ¢v, will mean “Today (Jan. 1) is Monday”, or will 
mean “Today (Feb. 23) is Monday”, ete. “Some day is Monday”’ does 
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not imply “Jan. 1 is Monday”’, and does not imply “Feb. 23 is Monday’’— 
does not imply that any one given day is Monday. 2, in gx, means “a 
certain value of 2” in a sense which is not simply equivalent to “some 


No translation of gx, will give its exact significance in this 


} 


value of 2”. 
respect. 


10:22 er cron. 
(5-1, 10°2-21) 
Whatever is true of all is true of some. 


10-23 I¢w is equivalent to “ Whatever value of x, in gv, v7, may be, ¢v,,”’. 
Tex = 901 X ot, X ot, X... = (9%1 x ot, ¥ otg *%... = 1) [9-01] 
And [5-971] gaix gv. x gt3x... =1 is equivalent to the set 
Cli = Le ets =e otal, eee 
And [9-01] gv, = 1 is equivalent to ¢v,. 
Hence II gx is equivalent to the set 921, gX2, ¢%3, .... 


This proposition is not tautological. It states the equivalence of the 
product gv, x gt, x gx3;x%... with the system of separate propositions 
gx), te, guts, etc. It is by virtue of the possibility of this proposition 
that the translation of I¢z as “For all values of 2, gv is true”’ is legitimate. 
In this proof we make use of the principle, p = (p = 1)—the only case in 
which it is directly required in the calculus of propositional functions. 

By virtue of 10-23 we can pass directly from any theorem of the Two- 
Valued Algebra to a corresponding theorem of the calculus of propositional 
functions. If we have, for example, p¢p+q, we have also “Whatever 
value of x, in gx, 2, may be, gt, ¢ gt,+P”’. And hence we have, by 
10-23, IL[ gx ¢ gx +P]. We shall later see the importance of this: it 
gives us, for every theorem concerning “material implication’’, a cor- 
responding theorem concerning “formal implication”’. 

Next, we give various forms of the principle by which any proposition 
may be imported into, or exported out of, the scope of a Il or = operator. 
10-3 Lor+P = 2,(¢r +P). 

LeutP = (gx + ret gazst...)+P 
(ga, + P) + (ga, + P) + (ga3+P) +... [5-981] 
= L,( ex + P) 


10-31 P+2Zor = 3,(P + ox). 


Il 


Similar proof. 


10-3 may be read: “‘Either for some x, gx is true, or P is true’ is equiva- 
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lent to ‘For some 2, either ¢v is true or P is true’”. And 10-31 may be 
read: “‘Either P is true or, for some 2, gv is true’ is equivalent to ‘For 


a9 


some 2, either P is true or ¢z is true’”’. 
10:32 Wgr+P = I,(er+P). 
Ilgx +P = (ga xX ot, X vt3x...) +P 
= (gt, + P) x(gro+ P) x(gr3+P)x... [5-941] 
= II,(¢r + P) 
10:33 P+Iyex = I,(P + ¢2). 
Similar proof. 
“Fither P is true or, for every a, gw is true” is equivalent to “For every 2, 
either P is true or gw is true.” 
10-34" 2.(ex +P) = 2,(P + ¢2). 
[4-3] Der +P = P+Dex. Hence [10-3-31] Q.E.D. 
10-35 I,(gr+P) = I1,(P+ ga). 
[10-32-33] 

Exactly similar theorems hold where the relation of the two propositions 
is x instead of +.. The proofs are so simple that only the first need be 
given. 
10°36 DexrxP.= y,(¢r xP). 

Dor xP = (gr, + gtot grtz3t+...)xP 
(pr, x P) + (gx, x P) + (ga3xP)+... [5-94] 
= 2.(¢x x P) 


“ ox is true for some x, and P is true”’, is equivalent to “For some x, ¢x 


and P are both true”’. 
105361 Px oor = 2,(P.x ex). 
102375 lier x* P =U, or <P). 
10-371 PxIl¢e = I,(P x 92). 
10238 22.0er * P) =) 2x ext); 
10-381 I,(¢axP)-= I,(P x ¢z). 
We should perhaps expect that a proposition, P, might be imported 
into and exported out of the scope of an operator when the relation of P 
to the other member of the expression is ¢. But here the matter is not 


quite so simple. 
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10:49 elon = 2,0 eee): 
[9-3] Pc deer 


I 


-P+ Sox = -P + (gut gtot orzt...) 

= (-P + or) + (-P + gts) + (-P + ox3) +... 
[5-981] 

(P c gx,) + (P © gre) + (PC ors) +... [9-3] 

Zeal PC ex) 


The relation ¢c, in the above, is, of course, a material implication. 
But it is tedious to read continually “p materially implies q”. We shall, 
then, translate p ¢g simply by “p implies q’’, or by “If p, then q”’. 

10-4 reads: “P implies that for some x, ga is true” is equivalent to 
“For some x, P implies that gz is true’. This seems clear and obvious, 
but consider the next: 


10-41 ZereoP =I1L(e2 oP): 
[9-3] De~eP = -Ler+P =Tl-er+P [10-12] 
= (-gt, X-gr, X- 093%...) +P 
= (-gar, + P) x (-cr. + P) x (-ox3 +P)... [5-941] 
= (o%, ¢.P)i XN ee, CP) x Cer. CP) allel 
=) 11,(ee ¢ P) 


“ox is true for some x’ implies P”’ is equivalent to “For every 2, ¢x 


implies P”’. It is easy to see that the second of these two expressions gives 
the first also: If ga always implies P, then if ¢x is sometimes true, P must 
be true. It is not so easy to see that Dyer cP gives I.(gxeP). But we 


can put it thus: “If gv is ever true, then P is true’? must mean “ or 
always implies P”’. 


10-42 Peller =1,(Pe a). 


[9-3] Pellegr = -P +o = -P + (ga x gto X ots *...) 
= (-P + 9%) x (-P + ga.) x (-P + gas) x... 
[5-941] 
= (Pc om) x (Pc gt) x(P € gas)... [9-3] 
=P Cnt) 


“P implies that gx is true for every x” is equivalent to “For every x, P 
implies ga”’. 
10:43. Ilgr oP = 2,( ox oP). 
[9-3] gr cP = -IIlgv+P = D-gr+P [10-1] 
= (— wry SP eNO yy cal datt bis 5 el) +P 
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= (-¢%, + P) + (-ga. + P) + (-eug+P)+... 
[5-981] 

= (ga, CP) + (gr. ¢P)+ (gaze P) +... [9-3] 

>a Coronal 


I 


’ 


““ ga is true for every x’ implies that P is true” is equivalent to “For 
some x, gt implies P”’. At first sight this theorem seems to commit the 
“fallacy of division” going one way, and the “fallacy of composition” 
going the other. It suggests the ancient example about the separate hairs 
and baldness. Suppose gv be “If 2 is a hair of Mr. Blank’s, x has fallen 
out’’. And let P be “Mr. Blank is bald”. Then Iga ¢ P will represent 
“Tf all of Mr. Blank’s hairs have fallen out, then Mr. Blank is bald’’.. 
And 2.,(¢a ¢P) will represent “There is some hair of Mr. Blank’s such 
that if this hair has fallen out, Mr. Blank is bald”. In this example, 
Ilge ¢ P is obviously true, but .(¢x ¢ P) is dubious, and their equivalence 
seems likewise doubtful. The explanation of the equivalence is this: we 
here deal with material implication, and gv, ¢P means simply “It is 
false that (gz, is true but P is false)”. Ilgx ¢ P means, in this example, 
“Tt is false that all Mr. Blank’s hairs have fallen out but Mr. Blank is not 
bald”; and 2,(¢gr¢P) means “There is some one of Mr. Blank’s hairs 
such that ‘This hair has fallen out but Mr. Blank is not bald’ is false’”’. 
No necessary connection is predicated between the falling out of any single 
hair and baldness—material implication is not that type of relation. 

If we compare the last four theorems, we observe that an operator in 
the consequent of an implication is not changed by being extended in scope 
to include the whole relation, but an operator in the antecedent is changed 
from II to 3, from » to Il. This is due to the fact that p ¢q is equivalent 
to -p+q, where the sign of the antecedent changes but the consequent 
remains the same; and to the law -II() = 2-(), -2Q = II-(). 

The above principles, connecting any proposition, P, with a proposi- 
tional function and its operator, are much used in later proofs. In fact, 
all the proofs can be carried out simply by the various forms of this principle 
and theorems 10-1-10-23. Since P, in the above, may be any propo- 
sition, ¥z,, wx, Iya, etc., can be substituted for P in these theorems. 

(yx + yx) and (gx xx) are, of course, functions of x. In order that 
(yx + yx) be significant, gx must be significant and Ya must be significant, 
and it is further requisite that “Either gx or yx” have meaning. Such 
considerations determine the range of significance of complex functions 
like (ya + yx) and (gx xyz). A value of x in such a function must be at 

Wy 
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once a value of 2 in gx and a value of 2 in yx: 2, in gv, and in yarn, In 
(gv, + ¥x,), denotes identically the same individual. 


10:5 Dort lye = Y.( ex + Ye). 


Since addition is associative and commutative, 


Tout Dpx = (EX t+ GUot yrgt...) + (Writ Prot Pr3+...) 
= (gt, + Wr) + (ete t wre) + (Gas + Yas) +... 
= Y,( gx + yx) 
“Either for some x, gv, or for some 2, ya”’ is equivalent to “For some 2, 
either gx or yx”’. 

If it be supposed that the functions, gr and ya, may have different 
ranges—i. e., that the use of the same letter for the variable is not indicative 
of the range—then D¢x+ lye might have meaning when Y,(ygr + yx) did 
not. But in such a case the proposition which states their equivalence 
will not have meaning. We shall make the convention that x, in ¢v, 
and 2n in Wan are identical, not only in (¢ga,+yax,) and (gx, xya,), but 
wherever gx and yx are connected, as in Sgr+Zyx. Where there is no 
such presumption, it is always possible to use different letters for the 
variable, as Dga+=Zpy. But even without this convention, the above 
theorem will always be true when it is significant—. e., it is never false— 
and a similar remark applies to the other theorems of this section. 
10°51 Ilee x Wye = IL,( ea x ya). 

Since x is associative and commutative, similar proof. 

We might expect Zygx x Tyr = D,(¢x x yx) to hold, but it does not. 
“For some 2, x is ugly, and for some 2, x is beautiful”’, is not equivalent to, 
“For some 2, x is ugly and wz is beautiful”. Instead of an equivalence, we 
have an implication: 


10-52 2,( or xyz) CDoxr x Dye. 
Lele x pa) = (Gx, X Wri) + (Exe x Par) + (gs x Pas) +... 


[5-2] (¢tn XWin) C ptr, and (ga, XWXn) Can 
Hence [5-31] 2.(¢u x yx) cDex, and Z,(gx x yr) c Dye 
he 


Hence [5:34] 2,(g¢r x px) cDexu x Dyx 


Similarly, Iga + ye = I.(gx + yx) fails to hold. “Either for every 
x, x 1s ugly, or for every x, x is beautiful”, is not equivalent to, “For every z, 
either x is ugly or a is beautiful”. Some x’s may be ugly and others beauti- 
ful. But we have: 
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10-53 Hex +IIyx cll, (ga + yx). 
[5-21] Gln © (Grn fi Yn), and Yn © (Gn ar Yn) 
Hence [5-3] gx cIl,(gx + yx), and Mya ¢Il,(yx + yx) 
Hence [5-33] Iga + Iya cIl,( gx + yz) 


In the proof of the last two theorems, we write a lemma for gx, Instead 
of writing it for gx, for gxs, for gx3, etc. For example, in 10-52 we write 
(tn x Wxn) © gxn, instead of writing 


(gr x Pai) € ox; 
(gx, x Par) © ges 
(gas X Was) © gx, etc., ete. 


The proofs are somewhat more obvious with this explanation. This method 
of writing such lemmas will be continued. 

With two propositional functions, gx and ya, we can form two impli- 
cation relations, 2,(g¢cyxr) and Il,(gracyx). But 2,(¢r eye) states 
only that there is a value of x for which either ¢z is false or yx is true: 
and this relation conveys so little information that it is hardly worth while 
to study its properties. 

Il.(gx c yx) is the relation of “formal implication’’—“For every 2, 
at least one of the two, ‘ ¢x is false’ and ‘yz is true’, is a true statement”’. 
The negative of I,(¢a cya) is D,( ex x-Wx), so that II,( gx ¢ yx) may also 
be read “It is false that there is any 2 such that gv is true and yu false”’. 
The material implication, p cq, states only “At least one of the two, ‘p is 
false’ and ‘gq is true’, is a true statement’’; or, “It is false that p is true 
and q false”. The material implication, gx, ¢ Yxn, states only “At least 
one of the two, ‘ ¢ is false of x,’ and ‘yw is true of z,’, is a true statement”’; 
or “It is false that yz, is true and yx, is false”. But the formal impli- 
cation, IL,(¢x c yx), states that however x, be chosen, it is false that gx, 
is true and ya, is false—in the whole range of gx and ya, there is not a 
case in which gz is true and yz false. To put it another way, H.(¢x ¢ ya) 
means “Whatever has the predicate ¢ has also the predicate y”’. 

This relation has more resemblance to the ordinary meaning of “im- 
plies” than material implication has. But formal implication, it should 
be remembered, is simply a class or aggregate of material implications; 
II,.(¢a ¢ yx) is simply the joint assertion of gx, C Par, or, C Yrs, Gx, C Ws, 
etc., where each separate assertion is a material implication.® 


8 The whole question of material implication, formal implication, and the usual mean- 
ing of “implies”, is discussed in Section v of Chap. v. 
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The properties of formal implication are especially important, because 
upon this relation are based certain derivatives in the calculus of classes 
and in the calculus of relations. 

10:6 Il.(ga cya) = I,.(-gx + yx) = Il, -(¢x x-yz). 
[9:3] gan CYtn = —Glnt Win = —( kn X-WIn) 
Hence [10-23] Q.E.D. 
10:61) (er cyeiclcn, avr): 
[10-2] 
If vx formally implies yz, then gv, materially implies yap. 
10°611 [Il,(ee cw2) x ca,| CYaa. 
(9-4, 10-61] 
If ¢x formally implies yx and ¢ is true of xn, then y is true of z,. This is 
one form of the syllogism in Barbara: for example, “If for every 2, ‘x is a 
man’ implies ‘a is a mortal’, and Socrates is a man, then Socrates is a 
mortal”’. 
10-62 Il,(gr cyx) Cz, (ga cya). 
[10-22] 
10-63 Il.(gx cya) c (Hex cIlyz). 
[10-61] If I,(¢a cya), then ¢v, cya, 
Hence [5-3] Q.E.D. 
10-631 [I,(¢x cya) xI ga] c lye. 
(9:4, 10-62] 
If gx always implies yx and ¢z is always true, then yz is always true. 
10:64 IlL(¢gr cya) c(Zyex cry). 
(10-61, 5-31] 
10-641 [II,( gv cpa) x Dea] c Dye. 
(9-4, 10-64] 
If gx always implies ya and ¢x is sometimes true, then ya is sometimes true. 
10:65 [I.(¢u cya) xI.(ya ¢ fx)] cT.( ge ¢ fa). 
[10-61] If IL,( ga cyx) and IL,(yac gar), then gx, cya, and 
Vin Cln. 
Hence [5-1] whatever value of x, x, may be, gn € fan. 
Hence [10-23] II.( ga ¢ fa) 


4! 
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This theorem states that formal implication is a transitive relation. It is 
another form of the syllogism in Barbara. For example let gx = ‘x is a 
Greek’, yx = ‘a isa man’, and ¢x = ‘x isa mortal’; 10-65 will then read: 
“Tf for every x, ‘x is a Greek’ implies ‘x is a man’, and for every a, ‘a is a 
man’ implies ‘x is a mortal’, then for every 2, ‘a is a Greek’ implies ‘a is a 
mortal’”’. 

10-65 may also be given the form: 

10-051 501i, er Cyx) cll. (We crx) c IL. Cenc F2))) 
(9-4, 10-65] 
10-052 Wille Coe c|(Ni cece) cll (or crx). 
(9-4, 10-65] 
10:66 IlL,(grcyx) = I,(-~x ¢-¢2). 
[3-1] (gan pan) = (Yan C-GNn) 
Hence [2-2, 5-3] Q.E.D. 

Any further theorems concerning formal implication can be derived 
from the foregoing. 

“Formal equivalence”’ is reciprocal formal implication, just as material 
equivalence is reciprocal material implication. The properties of formal 
equivalence follow immediately from those of formal implication. 
10°67 IL.(¢¢.= v2) = [Ul,( ge ¢ Wx) x I,(va c.en)|. 

Whatever value of 2, x, may be, [2-2] gr, = 2, is equivalent 
to the pair, gv, Cyr, and Wan C Gty. 
Hence [10-23] Q.E.D. 
10-68 ([IL,(¢r = yr) xI1,.(¥2 = fr)] CIl.(¢x = fa). 
Whatever value of 2, 2, may be, if gr = ya and ya = fa, then 
gx = ¢x. Hence [10-23] Q.E.D. 
10-681 I.(¢r = yx) c[IL.(ye = fx) cIL,( gx = f2)]. 
(10-68, 9-4] 
10-682 IL(ve = ¢z) ¢(U,(¢e = yx) cll. (ge = £a)). 
[10-68, 9-4] 
Formal equivalence, as indicated by the last three theorems, is a transitive 
relation. 
10:69 IL,(¢x = yr) ¢(¢t, = ¥tn); T(gr = yx) ¢ (Hea = Hye); and 
IL,(gr = yr) ¢ (Lou = Lyx). 
[2-2, 10-61-62-63] 
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10-691 I,(¢ge = yr) = I,(-gr = -yz). 
(3-2, 10-23] 

If we wish to investigate the propositions which can be formed from 
functions of the type of (ga x py) and (gx + yy), where the range of sig- 
nificance of gv may differ from that of yy, we find that these will involve 
two operators—2,Il,(¢x; py), My2.(gr; vy), ete. And these are special 
cases of a function of two variables. (ga xyy) and (gx + wy) are special 
cases of ¢(a, y). Hence we must first investigate functions of two variables 


in general. 


III. ProposirionaL Functions oF Two or More VARIABLES 


A propositional function of two variables, g(x, y), gives the derivative 
propositions. o@m,¥%,), lle, Yn), 222,e Gy), 2olleeGs y), cic. Lae 
range of significance of g(x, y) will comprise all the pairs (x, y) such that 
g(x, y) is either true or false. We here conceive of a class of individuals, 
21, Xe, Xz, etc., and a class of individuals, y1, y., ys, etc., such that for any 
one of the 2’s and any one of the y’s, ¢(a, y) is either true or false. 

As has already been pointed out, the function may be such that the 
class of values of x is the same as the class of values of y, or the values of x 
may be distinct from the values of y. If, for example, g(a, y) be “2 is 
brother of y”’, the class of x’s for which g(a, y) is significant consists of 
identically the same members as the class of y’s for which ¢(a, y) is sig- 
nificant.° In such a case, the range of significance of g(x, y) is the class of 
all the ordered couples which can be formed by combining any member of 
the class with itself or with any other. Thus if the members of such a 
class be a1, de, a3, ete., the class of couples in question will bel? 


(Gi Gy lon (laa yas Us ene 

(d2, di), (G2, Gz), (de, Gs), 

(Oey Gil (Ge, On)s 40a, Mig )een 
Ete., ete. 


But if g(x, y) represent “2 is a citizen of y’’, or “a is a proposition about 
y”’, or “x is a member of the class y”’, the class of x’s and the class of y’s 
for which g(a, y) is significant will be mutually exclusive. 


’ Presuming that “A is brother of A”’ is significant—i. e., false. 

‘ Schroder treats all relatives as derived from such a class of ordered couples. (See 
Alg. Log., 11, first three chapters.) But this is an unnecessary restriction of the logic of 
relatives. 
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Although g(x, y) represents some relation of x and y, it does not neces- 
sarily represent any relation of the algebra, such as « ¢y or x = y; and it 
cannot represent relations which are not assertable. 

o(%1, ¥), v(t, y), ete., are propositional functions of one variable, y. 
Hence Il, (a1, y), Uy e(a:, y), Dye(x1, y), ete., are propositions, the meaning 
and properties of which follow from preceding definitions and theorems. 
And I,¢(x, y), 2y,e(x, y), Hre(x, y), and Z,¢(2, y) are propositional 
functions of one variable. We can, then, define propositions involving 
two variables and two operators, as follows: 


Di Olee ttl oe, y) = Wier, yf) }. Def. 
TICOZ 2 re) = 2 Ly oa) |. Def. 
11-038 Hee cay) = 1,2, em, y)}. Def. 
1160499222, Cs y) = Ze oa, gy) te Def. 


It will be seen from these definitions that our explanation of the range 
of significance of functions of two variables was not strictly required; it 
follows from the explanation for functions of one variable. The same con- 
vention regarding the number of values of variables and interpretation of 
the propositions is also extended from the theory of functions of one 
variable to the theory of functions of two. 

(Where the first variable has a subscript, the comma between the two 
will be omitted: g(x,y) is o(#2, y), ete.) 

Since II, g(a, y) is a propositional function of one variable, x, the defini- 
tion. 10-02, gives us 

ILM, g(a, y) = Ue{My,e(, y)} = Wy e(riy) xT, e(way) x Wy e(wsy) x... 
And the expansion of this last expression, again by 10-02, is 


Lp(a) X e(riy2) * elas) X-. «| 
x { e(xoy1) X e(aey2) * Gays) *..-$ 
x { o(aayr) * G(wsy2) * (Ways) %---5 
Xa Lene occ 
And similarly, by 10-01, 
Dell, g(a, y) = Z2{Uye(@, y)} = Wye(ry) + Tl, (way) + Uy e(usy) +... 
And the expansion of the last expression, by 10-02, 1s 
{ o(arys) * pays) x e(e1ys) *.- «5 
+ { o(xey1) x g(aeYe) x (x2Y3) oe such \ 


+ { o(xsy1) * (ayo) * o(wsys) X.- «5 
+... Ktce., ete. 
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Or, in general, any propositional function with two operators is expanded 
into a two-dimensional array of propositions as follows: 

(1) The operator nearest the function indicates the relation (+ or x) 
between the constituents an each line. 

(2) The subscript of the operator nearest the function indicates the 
letter which varies within the lines. 

(3) The operator to the left indicates the relation (+ or x) between 
each two lines. 

(4) The subscript of the operator to the left indicates the letter which 
varies from line to line. 

Some caution must be exercised in interpreting such propositions as 
Dl, e(x, y), etc. It is usually sufficient to read ,II, “For some x and 
every y”’, but strictly it should be “For some 2, every y is such that”. 
Thus =,II,¢(2, y) should be “For some z, every y is such that ¢(2, y) is 
true”. And II,2.¢(2, y) should be “For every y, some x is such that 
v(x, y) is true”. The two here chosen illustrate the necessity of caution, 
which may be made clear as follows: 


Lally o(x, y) = I, g(x1y) + Il, prey) + I, p(xsy) or tes 


That is, 2,Il,e(v, y) means “Either for 2; and every y, g(a, y) is true, 
or for x, and every y, (x, y) is true, or for 23 and every y, ¢(2, y) is true, 

. or for some other particular x and every y, g(x, y) is true”. On the 
other hand, 


Ty2.¢(%, y) = Z¢(2, yi) ¥ Dee(@, ye) X Dee(Z, Ys) X... 


That is, Il,Z,¢(a, y) means “For some x and yi, ¢(a, y) is true, and for 
some x and yo, g(x, y) is true, and for some x and yz, g(x, y) is true, and 

”; or “Given any y, there is one x (at least) such that ¢(a, y) is true”’. 
The following illustration of the difference of these two is given in Principia 
Mathematica:" Let g(x, y) be the propositional function “If y is a proper 
fraction, then x is a proper fraction greater than y”. Then for all values 
of y, we have 2, ¢(x, y,), so that IZ, 9(a, y) is satisfied. In fact, 0,2. ¢(2,y) 
expresses the proposition: “If y is a proper fraction, then there is always 
a proper fraction greater than y”. But »,l,¢(a, y) expresses the propo- 
sition: “There is a proper fraction which is greater than any proper frac- 


tion”’, which is false. 
In this example, if we should read ¥,II, “For some x and every y”’; 


1 See 1, p. 161. 
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T,>, “For every y and some 2”, we should make equivalent these two 
very different propositions. But cases where this caution is required are 
infrequent, as we shall see. 

Where both operators are Il or both =, the two-dimensional array of 
propositions can be turned into a one-dimensional array, since every rela- 
tion throughout will be in the one case x, in the other +, and both of 
these are associative and commutative. It follows from our discussion of 
the range of significance of a function of two variables that any such func- 
tion, g(x, y), may be treated as a function of the single variable, the ordered 
couple, (x, y). Hence we can make the further conventions: 


11-05 2,2y,¢(@, y) = Ze, » 9(2; y) = 2z, y O(@, y). 
11-06 III, g(2, y) = He, y ox, y) = 11. y Olt, y). 


The second half of each of these serves merely to simplify notation. 


11-07 If, and y, be any values of x and y, respectively, in ¢(z, y), there 
is a value of (a, y)—say, (x, y)a—such that ¢(2, y)x = o(ary.). 


11-05 and 11-06 could be derived from 11-07, but the process is tedious, 
and since our interest in such a derivation would be purely incidental, 
we prefer to set down all three as assumptions. 


If we wish to identify a given constituent of 2., ,g(x, y) with a con- 
stituent of 2,2,¢(x, y), some convention of the order of terms in Zz, ,¢(x, y) 
is required, because if the order of constituents in Y,2,¢(x, y) be unaltered, 
this identification will be impossible unless the number of values of y is 
determined—which, by our convention, need not be the case. Hence we 
make, concerning the order of terms in Zz, ,¢(, y), the following conven- 
tion: ¢(amYn) precedes o(a,ys) ifm +n <r-+s,andwherem-+n=r-+8, 
ifn <s. Thus the order of terms in 2,, ,¢(a, y) will be 


o(aryr) + e(xoyi) + 9(ai1y2) + P(esy1) + E(LoY2) + G(A1Ys) + (Mayr) +... 


This arrangement determines an order independent of the number of values 
of a, or of y, so that the equivalent of g(a, y), in terms of g(x,y.) can always 
be specified." An exactly similar convention is supposed to govern the 
arrangement of terms in II,, ,¢(x, y) and their identification with the terms 
of I1,I,¢(a, y). These conventions of order are never required in the 
proof of theorems: we note them here only to obviate any theoretical 


2 This arrangement turns the two-dimensional array into a one-dimensional by the 
familiar device for denumerating the rationals—i. e., by proceeding along successive di- 
agonals, beginning with the upper left-hand corner, 
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objection. The identification of 2,2,¢(z, y) with 2.,,¢(a,y), and of 
IL,Il, ¢(a, y) with Up, ,¢(a, y), is of little consequence for the theory of 
propositional functions itself, but it will be of some importance in the theory 
of relations which is to be derived from the theory of functions of two or 
more variables. 

Having now somewhat tediously cleared the ground, we may proceed 
to the proof of theorems. Since 2,, ,¢(x, y) and Uz, ,g(a, y) may he re- 
garded as involving only one variable, (x, y), many theorems here follow 
at once from those of the preceding section. 


L112, yP(@, y) aa LDedy Pla, y) = -Il., y~ G(X, y) = -({01,01,-¢(2, y) ‘3 
[11-05-06, 10-05} 


11-12 Tz, ye(a, y) = IU,e@, y) = -22,-9@, y) = -{222,- (2, y)}.- 
[11-05-06, 10-04] 


1T-2 IL, yo(a, y) Cc g(x, W) ne 
[10-2] 


11-21 of, Y)n © Ze, u9(2, y). 
[10-21] 


DU 22 ey) OZ, y): 

[10-23] 
11-23 II, yv(x, y) is equivalent to “Whatever value of (z, y), in ¢(2, y), 
(x, y)n may be, ola, yn’. 

[10-23] 


11-24 II,II,g(x, y) is equivalent to ‘Whatever values of x and y, in 
g(a, y), x, and y, may be, ¢(a-y.)”’. 
[10-23] ILI, ¢(2, y) is equivalent to ‘Whatever value of a, in 
Ty g(x, y), x may be, Tye(a,y)”. And TI, ¢(a,y) is equivalent to 
“Whatever value of y, in g(a,y), ys may be, ¢(a,y-)”’. But [11-01] 
the values of in Il, ¢(a,y) are the values of 2 in g(a, y). Hence 
Q.E.D. 


11-25 “Whatever value of (a, y), in g(x,y), (x, y)n may be, ¢(2, y)n” 
is equivalent to “Whatever values of x and y, in g(x, y), x, and y, may be, 
9(X7Y«) ah 

[11-06-28 -24] 
11:26 I,I,¢(a, y) ¢ Uy o(xny). 

(1i- 0110"! 
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Pie27 ou y) = LU. oa, y). 
Since x is associative and commutative, Q.E.D. 
11-28 2,2,9(2, y) = DyZze(a, y). 
Since + is associative and commutative, Q.E.D. 
11:29 ILI, (x, y) I. ¢(2, yn). 
[11-26-27] 
W-291 ,U,e@, y) c olay). 
[2edee bd 24] 
Lie3 Lies, y) c2.U,e, y). 
[11-01, 10-21] 
Mesie.>l, ee, y) Cl,2. 01%, 4). 
[11-03] I2.e(@, y)= {e(riyi) + o(weyr) + o(asyi) +... } 
x | e(X1Y2) + E(TeY2) + G(WaY2) +... 5 
x { p(@iys) + e(eeys) + o(ways) + ...} 
Xero Lites etc: 
Since x is distributive with reference to +, this expression is equal 


to the sum of the products of each column separately, plus the sum 
of all the cross-products, that is, to 


A + { o(aiyi) X G(@1Y2) * G(@iys) X...} 
+ { o(xoyi) * e(way2) * e(w2ys) X...} 
+ { o(xsy1) * e(@sYo) X G(asys) X...4 
4+... Hite, ete. 
where A is the sum of all cross-products. 
But [11-02] this is 2,I1,¢(a, y) + A. 
Hence 2,I1,¢(2, y)+ A = I,y22¢(2, y). 
Hence [5-21] 2,I1,¢(a, y) cU,22¢9(@, y). 
We have already called attention to the fact that the implication of 11-31 
is not reversible—that 2,II,¢(a, y) and I1,2,¢(a, y) are not equivalent. 
Piss25 IL 2 clr, Ye wese hes y) 


[11-03] IL2,e(a, y) = Zye(ty) * Ty e(aey) x Zye(wsy) X... 


[11-04] 2.2, ¢(2, y) = Dye(xiy) + Ly e(eoy) + Dy e(rsy) + 
And [5-992] D,e(riy) x Dyo(aey) x Zye(wsy) *... 
c Ly ¢(ariy) 1 Dy e(xoy) a Ly P(xsy) GP 3 oC 


We have also the propositions concerning formal implication where 


252 A Survey of Symbolic Logic 


functions of two variables are concerned. The formal implication of 
W(x, y) by g(x,y) may be written either Il, ,¢(2, y) c¥(@, y)| or 
I.U,[ v(x, y) ev(2, y)]. By 11-06, these two are equivalent. We shall 
give the theorems only in the first of these forms. 


11-4 I, Le(, y) ev, y)] = I, J[-o(@, y) + ¥@, y)] 
I, w-le(z, y) x-¥(@, y)]. 


[10-6] 

11-41 IL, eta, y) ova, y)] ele, yn CW, y)nl. 
[10-61] 

11-411 {Iz, ea, y) c¥(z, y)] x o@, yn} CG, Y)n 
[10-611] 

11-42 THs. WhGes y) Cc V(a, y)| c Ze, Bee y) Cc (a, y)]. 
[10-62] 

11-430, ees y) Cc V(x, y)| c [Te, Ae y) cI, w(x, y)]. 
[10-63] 

11-431 {U:, .[e(a, y) ¢P(@, y)] xe, ye(a, y)} CT, @, 9). 
[10-631] 

11-44 Tl., Ze(e, y) c¥(@, y)] €[2., ye(a, y) © De, yw, y))]. 
[10-64] 

11-441 {Us, Wye, y) cv, y)] * Zz, pole, y)} CZs, we, y). 
[10-641] 


11-45 {I., we, y) c (2, y)] xT, [ve y) F(z, y)]} 
cls, ele, y) oF(@, y)I. 
[10-65] 
11-451 Iz, sole, y) e¥(@, 9) 
c (Ile, Wv(2, y) ef, y)] eth, Le, y) F(a, y)]}. 
[10-651] 
11-452 Uy, Ave, y) f(x, y)] 
¢ {Ilz, ee, y) Wa, y)] CMe, ele, y) F(a, y)]}. 
[10-652] 
11-46 Mz, ela, y) eva, y)] = I, w-¥(a, y) ¢-e(2, y)]. 
[10-66] 
Similarly, we have the theorems concerning the formal equivalence of 
functions of two variables. 
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11-47 II, ola, y) = ¥ (2, y)| = AE ul o(x, y) cv(z, y)] 
xIz, l¥(e, y) € o(@, y)]}- 
[10-67] ; 
11-48 {IL,, Ae(a, y) = v(x, y)| x IL, lv (2, Y) ir Ce, y))} 
c ills, Ae(e, y) Te Ca y)|. 
[10-68] 
11-481 IL, .[e(z, y) = ¥(@, y)] ¢ (IL, Av, y) = (a, y)] 
calles AWE y) se (G; y)]}. 
[10-681] 
11-482 I, Ava, y) = (x, y)] ¢ {Ils we, y) = ¥(a, y)] 
cai wea, y) a CG; 
[10-682] | 
11-49 Tz, ,le(a, y) = (a, yl Clee, Wn = WR, yal 
c [IL., y9(2, y) ale w(x, y)] 
c [Z., y G(X, y) = 22, w¥(2, y)]. 
[10-69] 
11-491 Il, yl (x, y) = V(x, y)] = II, A- oa, y) we -V(z, y)). 
[10-691] 


Further propositions concerning functions of two variables are simple 
consequences of the above. 

The method by which such functions are treated readily extends to 
those of three or more variables. (x, y, z) may be treated as a function 
of three variables, or as a function of one variable, the ordered triad (a, y, 2); 
just as ¥(a, y) can be treated as a function of x and y, or of the ordered 
pair (a, y). Strictly, new definitions are required with each extension of 
our theory to a larger number of variables, but the method of such extension 
will be entirely obvious. For three variables, we should have 


ILI Her, 2) = U.(ILU.eG@, y, 2)} 
Zl. ¢(2, y, 2) = Z,{I,l.¢(2, y, 2)} 
Etc., etc. 
It is interesting to note that the most general form for the analogues of 
11-05 and 11-06 will be 
Iz, Uy 2 O(2, Y, 2) a TMH, z) e(2, Y 2) 
and Zz, Vy 2) g(x, Y; 2) — Lady, 2) g(x, Y, 2) 


Since I,Iy, »¢(a, y, 2) = Ho, olay, 2) Xe, » ery, 2) Xa, » o(esy, 2) 
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xe 5. and Ivy, 2 9(@ny, 2) = U,l.z¢(rny, 2), ete., we shall be able to deduce 


Te, », 2 O(@, y, 2) = IVa, a(x, Y, 2) = Ie, wll.g(e, y, z) 
= IL set, ye) Loa 
And similarly for D2, y, ». This calls our attention to the fact that ¢(z, 
y, 2) can be treated not only as a function of three variables or as a function 
of one, but also as a function of two, a and (y, z) or (a, y) and z or (2, 2) 
and y. 
In general, the conventions of notation being extended to functions of 
any number of variables, in the obvious way, the analogues of preceding 
theorems for functions of two will follow. 


We failed to treat of such expressions as Ilgx x Ivy, You + Ilypy, etc., 
under the head of functions of one variable. The reason for this omission 
was that such expressions find their significant equivalents in propositions 
of the type II,II,(¢r x Wy), D.1l,( er + py), etc., and these are special cases 
of functions of two variables. We may also remind the reader of the 
difference between two such expressions as Igr+Hya and Igvr +Ilypy. 
The ranges of the two functions, ¢ and yw, need not be identical; there 
may be values of 2 in gx which are not values of y in yy. But in any 
expression of the form ga, x Wn, %, as a value of x in ex must be identical 
with x, as a value of x in yx. For this reason, we have adopted the con- 
vention that where the same letter is used for the variable in two related 
functions, these functions have the same range. Hence the case where 
we have ga and wy is the more general case, in which the functions are not 
restricted to the same range. Theorems involving functions of this type 
will not always be significant for every choice of g and y. There may even 
be cases in which an implication is not significant though its hypothesis is 
significant. But for whatever functions such theorems are significant, 
they will be true; they will never be false for any functions, however chosen. 

The meaning of an expression such as 2,I1,(g¢xv + vy) follows from the 
definition of 2,1, ¢(a, y). 


Z,I,( er + py) =I, (eri + py) + Ty( gre + py) + Ty(erst py) +... 
= (Cort pyr) * (gai + pyr) x (gait pys) x...) 
+ { (gre + Wyi) X (Gr, + Py) X (exe + Pys) x...) 
+ {( erst Wyi) x (ers + pyr) X (gas + Pys) x... 4 
+... Ete, ete. 


And for any such expression with two operators we have the same type of 
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two-dimensional array as for a function of two variables in general. The 
only difference is that here the function itself has a special form, gx + yy 
or gu xy, ete. 
12-1 ex xy = yy xIex = IL,(¢x xpy) = UT, (y x en) 
= IL,I.(¢a xyy) = T,II. (yy x ex). 
(1) [1-3] Ilex xITyy = Ilpy xIee. 
(2) gx xIlvy = (¢%1 x gt. X gus x...) x TMpy 
= (gr; xIlpy) x (gx, x py) x (gv; x Ipy) x... 
[5-98] 
= I, (¢x1 x py) x I, ( gre * py) 
xI,(gu3 xpy) x... [10-371] 
=U erxyy). |i t01) 
(3). By (2) and 1:3, 
Ilgx xUpy = (py x gz) x (py x gee) 
x (IIpy x ga3) x... 
Il, (wy * gai) x IL, (py x gee) 
xII,(wy x gus) x... [10-37] 
= ,uivy x or). «(11-01 
(4) Similarly, Iyy xIgar = I,IL(y x gx) = U,IL.( ga x py). 


“ ox is true for every 2 and yy is true for every y”’ is equivalent to “For 
every x and every y, gv and yy are both true’”’, ete. 


12-2 YoxrtDyy = Tey t+ Vex = YD, (gutryy) = TW2,(py + ox) 
= ZyZ.(gr+ py) = Ly Z.(py + ¢2). 
) [4-3] Deut Dyy = Vpy + Ter. 
) Dert Dby = (Er t Get GXgt...) + Dpy 
= (x1 + Dyy) + (oro t+ Dpy) + (gust Zyy) +... 
[5-981] 


] 
(2 


= D,( grit vy) + 2,( gx. + vy) 
ed Gone yy eee Oe) 
= 5,5,(er +yy). [11-04] 
(3) By (2) and 4:3, 
Dex+ Spy = (Dey t+ Gri) + (Zhy + gre) 
+ (lpy + gus) or 
Dy (wy + oxi) + Zy(py + xe) 
+ Dy (wy + ga3)+... [10-3] 
Tid, (wy + gx). [11-04] 
(4) Similarly, Syy+ Dex = DDe(wy + ex) = TyZ.( gx + py). 


I 
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“Fither for some x, gx, or for some y, yy” is equivalent to “For some 
x and some y, either gx or yy’’, ete. 
12-3 Lexx lyy = Ley xLeux = Z,2,( ox xWy) = Z2,(Py * gx) 
= Zy2.( gu x py) = LyX(py * gx). 
(1) [1:3] Dex x2py = Dyy xDeu. 
(2) Teuxrlpy = (gait gret yazt...) x Dpy 
(pr Xx Dpy) + (gx. x Dpy) + (gus xZyy) +... 


[5-94] 
= Z,( gx x py) + Dy( gr. x Py) + Z,( ers x Py) 
+... [10-361] 


= 2,2,(¢x xyy). [11-04] 
(Seb Va 2) andes, 
Deu xlpy = (Ly * gx) + (Dpy * gee) + (Lpy x ors) 


a= zy (wy X oii) + zy (ey X GX) 
+ Dy(wy x ots) +... [10-36] 
= 2.2,(vy x gx). [11-04] 
(4) Similarly, 2yy x Zee = T,Z.(Wy x ox) = D,D.( ex x Wy). 
“For some x, ga, and for some y, yy” is equivalent to “For some x and 
some ¥, gx and yy”’, ete. 


12-4 er+ yy = Nyyt gr = I,T,( gr + yy) = TL, (py + gx) 
= I,IL.(gr + py) = TLU.(yy + ¢2). 
(1) [4-38] Hea + yy = py + ee. 
(2) Iga +Tpy = (gar x gre x gay x...) + py 
= (gx, + py) x (gr. + Mpy) x (ers + py) x... 
[5-941] 
= II, (er + py) xT, (gars + py) 
xIL,(¢a3+ py) x... [10-371] 
= IL,(gr+yy). [11-01] 
(3) By (2) and 4:3; 
Heat yy = (Ipy + ex) x (py + gare) 
x (Ilpy + gaz) X... 
Ty(yy + gx1) xT, (py + gare) 
xIy(vy + gus) x... [10-37] 
TL,Uy(vy + ex). [11-01] 
(4) Similarly, Myy+ ge = U,U.(~y + ox) = I,I.( ex + py). 


(13 . . . 
Either for every x, gx, or for every y, yy” is equivalent to “For every x 
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and every y, either gx or yy”, etc. At first glance this theorem may seem 
invalid. One may say: “Suppose gx be ‘If 2 is a number, it is odd’, 
and yy be ‘If y is a number, it is even’. Then gx + Ty will be ‘Either 
every number is odd or every number is even’, but I,I,(¢a + Wy) will be 
‘Every number is either odd or even’”. The mistake of this supposed 
illustration lies in misreading II,I1,(¢r + yy). It is legitimate to choose, 
as in this case, gx and yy such that their range is identical: but it is not 
legitimate to read II,II,(gu + yy) as if each given value of x were connected 
with a corresponding value of y. To put it another way: II,II,( gx + wa), 
as a special case of I,JI,(gx + wy), would not be “For every value of 2, 
either gx or yx’’, but would be “For any two values of 2, or for any value 
of x and itself, either gx or yx”. Thus IL,I,(gr+ yy) in the supposed 
illustration would not be as above, but is in fact “For any pair of numbers, 
or for any number and itself, either one is odd or the other is even’’—so 
that Iga + yy and II,II,( gx + yy) would here both be false, and are equiva- 
lent. 
A somewhat similar caution applies to the interpretation of the next 
two theorems. The analogues of these, in ¢g(z, y), do not hold. 
12-5 Yyox+ yy = Upy+ Zou = ZU ,(gx+ py) = ZAl,(vy + ex) 
= Ily2.( gr + py) = Ty2.(py + go). 
(1) [4:3] Dea + yy = Ilyy + Den. 
(2) By proof similar to (2) in 12-2, Tga+IIyy = Y,II,( gx + py). 
And by proof similar to (8) in 12-2, Der+Iyy = 2,0 ,(py + gx). 
(3) By proof similar to (2) in 12-4, Iyy+ Zor = Ilyz.(py + ¢2). 
And by proof similar to (3) in 12-4, Iyy+ Zea = Il,z.(¢u + py). 


“Hither for some x, gv, or for every y, vy” is equivalent to “For some x 
and every y, either gx or py’’, ete. 
12:6 Yer xTyy = yy x Der = Z,Il,( gx x py) = ZI, (py * ox) 
= TyZ.(¢u x py) = y2Z.(vy x ox). 
(1) [1-3] Zour xOypy = yy x Zor. 
(2) By proof similar to (2) in 12-3, Deu x py = Z,II,( gx x py). 
And by proof similar to (3) in 12-3, Zgx xIvy = DzI,(py x ge). 
(3) By proof similar to (2) in 12-1, py x Dex = IL,D2(Py * ¢a). 
And by proof similar to (3) in 12-1, Iyy x gx = II,2.( gx x py). 
“For some 2, gz, and for every y, yy” is equivalent to “For some x and 
every y, ox and wy”’, ete. 
18 
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We may generalize theorems 12-1-12-6 by saying that for functions 
of the type (gx + vy) and (gx x py) the order of operators and of members 
in the function is indifferent; and for propositions of the type 


thee Hof 


the operators may be combined, and the functions combined in the relation 
between the propositions. 

It will be unnecessary to give here the numerous theorems which follow 
from 10-5-12-6 by the principles pqcp, pcp+gq, and Ilgx c2Y¢ga, ete. 
For example, 10-51, 

Ilex xIlyx = II,( gr x yr) 
gives at once 
(1) IlL,( ex xx) cI ge 


(2) s c Tye 

(3) ss Cz ox 

(4) i c lyr 

(5) “a Cllgx x lyex 
(6) m cLler+ Dye 
Etc., ete. 


And 12-2, Tygv+ Zypy = 2,2,(¢xt py), ete., gives 
(1) Deux czt,2,( ox + py) 
(2) Zyyc * 
(8) gre : 
(4) Ilpyc i 
(5) Dou + yy ¢D,z,( ea + py) 
(6) Deux dypyc wh 
Etc., ete. 


Another large group of theorems, only a little less obvious, follow from 
the combination of Ilgx cIlgx, or Dgxc ea, with yy c Dyy, giving 
by 5-3, 

(1) gx + Tpy cI ga + Spy 
(2) Ilgu xTpy cl ga x Dpy 
(3) Dex + Ipy cLgrt Tpy 
(4) Deu xIpy cL ox x Tpy 
Etce., ete. 


Each of these has a whole set of derivatives in which Il gx + IIyy is replaced 
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by ILI,( gx + py), ete., Tex x dyy by Tl,Z,(¢u xpy), etc. We give, in 
summary form, the derivatives of (2), by way of illustration: 


Any one of c any one of 

Il gu x py Il ga x Dypy 

TI,I1,( gx x py) TI, 2y( ga x py) 

IL,H,(py x gx) Il, Dy(wy x ev) 

TL,.(yy x gx) Dyllz(yy * ex) 

T1,U.( ge x py) Dyllz( gu x py) 

Iyy x Igxr Lyy x ex 
Il gx 
yy 
gu + Ilyy 
II,I,( gu + py), ete., ete. 
Deu + Uypy 
Dr2,( gu + wy), etc., ete. 
Il gu + 2ypy 


IL,2,(¢a + py), ete., ete. 


This table summarizes one hundred fifty-six theorems, and these are only a 
portion of those to be got by such procedures. 

Functions of the type of (gx xwy) and (gx+yy) give four different 
kinds of implication relation: (1) ILI,(grecyy); (2) U,B,(¢x ¢yy); 
(3) ZIl,(gx cyy); and (4) 2,2,(gr cyy). With the exception of the 
first, these relations are unfamiliar as “implications’’, though all of them 
could be illustrated from the field of mathematics. Nor are they par- 
ticularly useful: the results to be obtained by their use can always be got 
by means of material implications or formal implications. Perhaps 
I,1,(¢a ¢ Wy) is of sufficient interest for us to give its elementary properties. 


12-7 II,Il,(¢a c py) ¢ (ga, € yy). 
[11-01] IL.I,( er c py) = I, (¢ri c py) x I, ( ere ¢ py) 
xII,(gv3 cyy) x... 


(gr, CIpy) x (gae ¢ py) 
x (ya, eyy) x... [10-42] 


And this last expression is equivalent to the set 


gx, CIlpyy, ga, cllyy, gx; cIlyy, ete. 
12-71 {IL,Il,(gxv ¢ py) * gan} cTypy. 
[9-4, 12-7] 
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If for every x and every y, gx implies yy, and for some given z, gx is true, 
then yy is true for every y. 
12-72 IU,Il,(yx cyy) = Dex cllpy = Ilex + py. 
(1) If I,II,(¢x ¢ yy), then [12-7] gx, ¢ Iypy. 
Hence [5-991] 2 gx c Ilypy. 
And if SgacIyy, then [10-42] I,(2¢a cyy), and hence [10-41] 
II,II,( gu ¢ py). 
(2) [9-3] Dea cllpy = -Zex+ py = I-gr + Ilpy. 
I1,11,(¢x ¢ Py) is equivalent to “If there is some x for which gz is true, 
then yy is true for every y”’. 
12-73 {II,Il,(¢x ¢ wy) x ,Il.(~y ¢¢z)} cI, .( gr ¢ fz). 
[12-72] If I,I,(¢x¢ cyy) and IL,ll.(yy cfz), then Dex clyy 
and Lyy cIlfz. 
But [10-21] Tyye2yy. Hence [5-1] ZYercIfz, and [12-72] 
IL, Cee ccz). 


This implication relation is here demonstrated to be transitive. In fact, 
it is, so to speak, more than transitive, as the next theorem shows. 


12-74 {(Lere Dyy) x ILI. (vy ¢fz)} c U1 ,( ex ¢ £2). 
[12-72] Ml .y ¢f2) = Soy elite. 
And [5-1] if 2gx c Zyy and Zyy ¢ Mgz, then ex cIfz, and [12-72] 
II,11,( ox ¢ £2). 
12-75 ({IL,I,(¢x cyy) x (yy clfz)} ¢1,1,( er € ¢2). 
[12-72] I.,( gr cyy) = Der cIlypy. 
And [5-1] if gw cIlyy and Iyy cIgz, then S gx ¢ Itz, and [12-72] 
II, Cex G2), 


IV. DERIVATION OF THE LoGIC OF CLASSES FROM THE CALCULUS OF 
PROPOSITIONAL FUNCTIONS 


The logic of classes and the logic of relations can both be derived from 
the logic of propositional functions. In the present chapter, we have 
begun with a calculus of propositions, the Two-Valued Algebra, which 
includes all the theorems of the Boole-Schréder Algebra, giving these 
theorems the propositional interpretation. We have proved that, con- 
sidered as belonging to the calculus of propositions, these theorems can 
validly be given the completely symbolic form: “If... , then...” 
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be) 9 


Deinerreplaccd i) aura Corals ee micrequivalentetomy: « uby aa 
ea etCus, Lie Per oevalted Algebra does not presuppose wre Hodice 
Schroder Algebra; it simply includes it. 

Suppose, then, we make the calculus of propositions—the Two-Valued 
Algebra—our fundamental branch of symbolic logic. We derive from it 
the calculus of propositional functions by the methods of the last two 
sections. We may then further derive the calculus of logical classes, and a 
calculus of relations, by methods which are to be outlined in this section 
and the next. 

The present section will not develop the logic of classes, but will present 
the method of this development, and prove the possibility and adequacy 
of it. At the same time, certain differences will be pointed out between 
the calculus of classes as derived from that of propositional functions and 
the Boole-Schréder Algebra considered as a logic of classes. In order to 
distinguish class-symbols from the variables, x, y, 2, in propositional func- 
tions, we shall here represent classes by a, 8, y, etc. 

For the derivation of the logic of classes from that of propositional 
functions, a given class is conceived as the aggregate of individuals for 
which some propositional function is true. If gx, represent “2 is a man”’, 
then the aggregate of x’s for which gz is true will constitute the class of 
men. If, then, 2(¢z) represent the aggregate of individuals for which the 
propositional function gz is true, 2(¢z) will be “the class determined by 
the function gz’, or “the class determined by the possession of the char- 
acter y’’.!8 We can use a, 8, y, as an abbreviation for 2( gz), &(Wz), $(é), 


73 


etc. a = £(¢z) will mean “a is the class determined by the function gz”’ 


(In this connection, we should remember that gx and ¢z are the same 


function.) 
The relation of an individual member of a class to the class itself will 
be symbolized by «. 2, € a represents “x, is a member of «’’—or briefly 


’ 


nisana’’. This relation can be defined. 


13 We here borrow the notation of Principia. The corresponding notation of Peirce 
and Schroder involves the use of ©, which is most confusing, because this 2 has a meaning 
entirely different from the 2 which is an operator of a propositional function. But in 
Principia, 2(¢z) does not represent an aggregate of individuals; it represents “z such 
that oz”. And 2(¢z) is not a primitive idea but a notation supported by an elaborate 
theory. Our procedure above is inelegant and theoretically objectionable: we adopt it 
because our purpose here is expository only, and the working out of an elaborate technique 
would impede the exposition and very likely confuse the reader. As a fact, a more satis- 
factory theory on this point makes no important difference. 
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13-01 «,€2(¢2) = ot, Def. 


“is a member of the class determined by ¢z”’ is equivalent to “ 


‘Xn 1S 
true”’. 

(For convenience of reference, we continue to give each definition and 
theorem a number.) 

The relation “a is contained in B”’ is the relation of the class a to the 
class 8 when every member of a is a member of 8 also. We shall symbolize 
“wis contained in B” by ac. The sign ¢ between a and £, or between 
&(yvz) and 2(yz), will be “is contained in”; ¢ between propositions will 
be “implies”, as before. 2, € a is, of course, a proposition; x € a, a propo- 
sitional function. 


13:02 acé = IL(w@eacxe B) Def. 
a ¢ B is equivalent to “For every 2, ‘x is an a’ implies ‘z isa B’”’. 

Tl,(@ « a¢ve B) is a formal implication. It will appear, as we proceed 
that the logic of classes is the logic of the formal implications and formal 
equivalences which obtain between the propositional functions which deter- 
mine the classes. 
13°03 (a= 8) = JL@ a= rep) Def. 

a = B is equivalent to “For every 2, ‘x is a member of a’ is equivalent 


99) 
. 


to ‘x is a member of 8 a = 6 thus represents the fact that a and 6 
have the same extension—i. e., consist of identical members. 

znea, ac, and a= 8 are assertable relations—propositions. But 
the logical product of two classes, and the logical sum, are not assertable 
relations. They are, consequently, defined not by means of propositions 


but by means of functions. 
13:04 ax = 2i(@ea) xe B)} Def. 
The product of two classes, a and 8, is the class of 2’s determined by the 


propositional function “x is an a and x isa Bp”. The class of the x’s for 
which this is true constitute ax, the class of those things which are 
both @’s and £’s. 

The relation x between a and £ is, of course, a different relation from x 
between propositions or between propositional functions. A similar remark 
applies to the use of +, which will represent the logical sum of two classes, 
as well as of two propositions or propositional functions. This double 
use of symbols will cause no confusion if it be remembered that a and 8, 
2(gz) and 2(yz), etc., are classes, while 2 € a is a propositional function, 
and vw, € a, a¢f, and a = £ are propositions. 
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13:05 atP = #{(we a) + (ve B)} Def. 
The sum of two classes, a and 8, is the class of x’s such that at least one 
of the two, ‘x is an a’ and ‘z is a 8’, is true, or loosely, the class of 2’s 
such that either 2 is an a or visa 8B. 

The negative of a class can be similarly defined: 
13:06 -a = #-(ve a) Def. 
The negative of a is the class of 2’s for which ‘x is an a’ is false. 

The “universe of discourse’’, 1, may be defined by the device of selecting 
some propositional function which is true for all values of the variable. 
Such a function is (¢ ¢¢x), whatever propositional function ¢« may be. 


T3207 enle— 9 Gt Cc) Def. 


1 is the class of 2’s for which ¢x implies ¢x."* Since this is always true, 1 is 
the class of all x’s. The “null-class”’, 0, will be the negative of 1. 


13-08 0=-1 Def. 
That is, by 13-06, 0 = @-(¢x efx), and since -({a ¢¢x) is false for all 
values of a, the class of such x’s will be a class with no members. 

Suppose that a = 2(¢z) and B = &(~z). Then, by 13-01, tne a = gan. 
Hence a¢@ will be I,(egv cya), and a = 6 will be Il,(¢v = yx). This 
establishes at once the connection between the assertable relations of 
classes and formal implication and equivalence. To illustrate the way in 
which this connection enables us to derive the logic of classes from that of 
propositional functions, we shall prove a number of typical theorems. 

It will be convenient to assume for the whole set of theorems: 


a=2(¢2), B= 2(¥z), vy = 2(&) 
1321) 0 = 2-(2 ¢ Ce): 
0 =-1. Hence [13-06] 0 = #-(ve 1). 
[13-01-07] cel = <x cer. Hence 0 = #-(fa cg). 
13-2 U,(xe1). 
[13-01-06] t,¢€1 = (fan-< fa). 
Hence: Il, 6-4)-—-tL.(¢@ < fa). 
But-{2:2] <a, ¢¢2,. Hence [10-23] I.(ga ¢¢2). 


¢ 


Every individual thing is a member of the “universe of discourse”’. 


4 This defines, not the universe of discourse, but “universe of discourse’’,—the range 
of significance of the chosen function, ¢. With 1 so defined, propositions which involve 
the classes £(¢z), 2(yz), ete., and 1, will be significant whenever ¢, y, etc., and ¢ have 


the same range, and true if significant. 


264 A Survey of Symbolic Logie 


1393) 0), 
[13:01-06:07] c,¢ 0 = —(Ca,,C fa). 
Hence [3-2] -(a,€0) = (fan © fan). 
But ¢x, ¢{a#,. Hence [10-23] U.(¢¢ cfa), and I, -(v « 0). 
For every 2, it is false that a « 0—no individual is a member of the null- 
class. 
13-4 a Cie 
(13 O12 OG ay elle nc Goce) 
Since a = 8(¢2), [13-01] tz, € a = Gan. 
[Qe osll (Ce nerr,) Clot, Cite Carn) |: 
Hence since (%n CCWn, Gln © (C8n CS F8n)- 
Hence [10-23] Il,[¢a ¢ (¢a ¢fa)], and [13-2] acl. 


Any class, a, is contained in the universe of discourse. It will be noted 
(13-2 and 13-4) that individuals are members of 1, classes are contained in 1. 
In the proof of 13-4, we make use of 9-33, “A true proposition is implied 
by any proposition”. ¢2, ¢¢x, is true. Hence it is implied by ¢z,. And 
since this holds, whatever value of x, x, may be, therefore, 


IL ea o (te e¢x)] 


But ¢v is the function which determines the class a; ¢x ¢ ¢x, the function 
which determines 1. Hence gv, is 2, € a, and (2%, ©fa, is 7, €1. Conse- 
quently we have I, (we a@e¢xel). And by the definition of the relation 
“is contained in”’, this is acl. 


1325900) Cron 
[9-1] -(@, € 0) 1s equivalent to (x, 
Hence [13:3] (@, ¢0) = 0, and [9-32] 
Hence [13-01] a, ¢€0¢2,€ a, and [10 
Hence [13-02] 0ca. 


e«0) = 0. 
(t€ OU) Cee, 
+23] I.(7 €0 cxe a). 


The null-class is contained in every class, a. In this proof, we use 9-32, 
“A false proposition implies any proposition”. (fx, €fa,) is false, and 
hence implies gv,. But -(¢% ¢¢x) is the function which determines 0; 
and ga, the function which determines a. Hence 0 ca. 

The proofs of the five theorems just given are fairly typical of those 
which involve 0 and 1. But the great body of propositions make more 
direct use of the connection between the relations of classes and formal 


implications or equivalences. This connection may be illustrated by the 
following: 
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1370 202) C2lv2) = en cx). 
[13-02] 2(¢2) ¢2(yz) = T1[a « 8(¢z) cx € 8(yz)]. 
[13-01] x, € 8(¢2) = gan, and 2, € 8(~z) = yap. 
Hence [2-1] I,[a ¢ 2( oz) ca ¢ 8(Wz)] = Il,( er c yz). 
“The class determined by gz is contained in the class determined by yz” 
is equivalent to “For every x, ga implies pa’’. 
132%) (2Ce2).=2(¥2)) = (ca = yz). 
[13-03] [2(¢2) = 2@p2)] = I.[x e 8( ez) = x c 3(y¥2)]. 
[3 Ol, 2 ez) ="on,, and x, e 22)" = Jz, 
Hence II,|% « 2(¢z) = x € 8@/2)| = II.(¢a = yx). 
“The class determined by ¢z is equivalent to the class determined by yz” 
is equivalent to “For every x, gv is equivalent to yx”’. 
13-8 (ac) = (-Bc-a). 
[10-66] IL.[a ¢ 2(¢z) ca e 8(pz)] = I. {-[x ¢ 8(wz)] ¢-[a € 8(¢2)]}. 
Hence II,(aeacae 8) = I,[-(a € B) C-(we a)]. 
[13-01-06] -(we a) = u € =a, and -(we 8) = xe-f. 
Hence [13-02] (ac 8) = (-6 c-a). 
13-9 [(acB) x(Bcy)]¢(acy). 
[13-6] (a¢ 8) = IL.(¢gx cya), (BC y) = IL(ya ¢ éx), and (acy) 
wr Cex), 
And [10-65] [II.(¢a ¢ ya) xII,(wax ¢ &x)] CIL,( ge ¢ &x). 
The relation “is contained in”’ is transitive. 13-9 is the first form of the 
syllogism in Barbara. The second form is: 
13-91 [(ac) x(x, € a)] ¢ (an € B). 
113-0) dec a= ll on.cawa). 
[13°01] @,e a) = o2,, and (x, ¢« 6) = van. 
And [10-611] [T,( gx € ya) x ern] C Pan. 
If the class a is contained in the class 8, and x, is a member of a, then 2, 
is a member of £. 
13-92 [(a@ = 8) x(B = y)]¢(a = 7). 
[13-7] (@ = 8) = IL.(gx = yx), (8 = y) = IL(ya = &), and 
(a = y) = IL.(¢ur = &). 
And [10-68] [.(gr = yx) xIL.(ya = &x)] CI.( er = &2). 


The last three theorems illustrate particularly well the direct connection 
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between formal implications and the relations of classes. 13-6 and 13-7 
are alternative definitions of a¢ 8 and a = B. Similar alternative defini- 


tions of the other relations would be: 


-[2(¢z)] = 2(-¢2) 
2( 2) x 2(~z) = 2( gz x oz) 
2( gz) + 2(pz) = 8( g2 + ¥2) 


We may give one theorem especially to exemplify the way in which 
every proposition of the Two-Valued Algebra, since it gives, by 10-23, a 
formal implication or equivalence, gives a corresponding proposition con- 
cerning classes. We choose for this example the Law of Absorption. 
13:92 [at+(ax)] =a. 

[13-04-05] [a+ (ax )] = #{(wea)+[(we a) x(ve B)]}. 
Hence [13-01] {v, €la+ (ax B)]} 
= {(t,€ a) +[(@ne a) x(t, € B)]}. (1) 
But [13-03] {[a+ (ax B)] = a} 
= ILD {(@we a) +[(ve a) x(we B)]} = (we a)]. (2) 
But [13-01] @,€ a) = fn, (42. € 8) = Yn, and by (2), 
(la +(ax)] = a} = IL {ler + (gx xya)] = or} 
But [5-4] [etn + (gan x Prn)] = gan. 
Hence |10-23] .{[gr + (ex x wx)] = ov}. 


All but the last two lines of this proof are concerned with establishing 
the connection between [a + (a x B)] = a and the formal equivalence 


IL, {ler + (gx x pa)] = gx} 


Once this connection is made, we take that theorem of the Two-Valued 
Algebra which corresponds to [a + (a x 8)] = a, namely 5-4, (p+ pq) = p, 
substitute in it gx, for p and yz, for q, and then generalize, by 10-23, to 
the formal equivalence which gives the proof. An exactly similar pro- 
cedure will give, for most theorems of the Two-Valued Algebra, a corre- 
sponding theorem of the calculus of classes. The exceptions are such 
propositions as p = (p = 1), which unite an element p with an implication 
or an equivalence. In other words, every theorem concerning classes can 
be derived from its analogue in the Two-Valued Algebra. 

We may conclude our discussion of the derivation of the logic of classes 


1% As a fact, these definitions would be much more convenient for us, but we have 
chosen to give them in a form exactly analogous to the corresponding definitions of Prin- 
cipta (see I, p. 217). 
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from the logic of propositional functions by deriving the set of postulates 
for the Boole-Schréder Algebra given in Chapter II. This will prove that, 
beginning with the Two-Valued Algebra, as a calculus of propositions, the 
calculus of classes may be derived. This procedure may have the appear- 
ance of circularity, since in Section I of this chapter we presumed the 
propositions of the Boole-Schréder Algebra without repeating them. But 
the circularity is apparent only, since the Two-Valued Algebra is a distinct 
system. 

The postulates of Chapter II, in a form consonant with our present 
notation, can be proved so far as these postulates express symbolic laws. 
The postulates of the existence, in the system, of -a when a exists, of a x 8 
when a and £ exist, and of the class 0, must be supposed satisfied by the 
fact that we have exhibited, in their definitions, the logical functions which 
determine a x B, -a, and 0.16 
1a eZee Xa) a, 

iS Olea = or: 
Hence [13-04] Ln € (a x a) = Nees € a) x (a, € a)] = (2 x Clale 
Hence [13-03] [(a xa) = a] = II, {[x e(axa)] = rea} 
= Il|[(¢r x gr) = ga]. 
But (1-2) (er, x ot,) — ein. 
Hence [10-23] IL[( ev x or) = ga]. 
14-3 (ax) = (6 Xa). 
[13-03] [(ax 6) = (6 xa)] = IL {lve (ax B)] = [ve (8 x @)]} 
= TI, {[(@e a) x(we B)] = [(we B) x (we a)]}. 
[13-01-04] 
Hence [13-01] [(a x 8) = (6 x a)] = IL.{( ga x px) = (Ya x ¢x)]. 
But (lesion, xX van) = Oa, * ox). 
Hence [10-23] Il,[( er x yx) = (ya x ¢2)]. 
14:4 (axf) xy = ax (8x). 
[13-03] [(a xB) xy = ax(Bxy)] = 
= I, [{re[(a xB) xy]} = {relax (Bx y)]}] 
= II, [{[(wea) x(we B)] x(we y)} = {(ve a) x[(we 8) x (we y)]}]. 
[13-01-04] 
Hence [13:01] [(ax8) xy = ax(BXxy)] 
= Il, {[( ex x yx) x Er] = [ga x (ya x &x)]}. 


16 A more satisfactory derivation of these existence postulates is possible when the 
theory of propositional functions is treated in greater detail. See Principia, 1, pp. 217-18. 
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But [1-04] (gan x Wan) * fn = Gn X (Wan % Etn). 
Hence [10-23] Uz{[(ga x px) x x] = [ga x (ya x Ex)]}. 
14°5> a x0)= 0. 
[13-1- Ole, € 0 ==, Cra) 
[13-03-04] [a x0 = 0] = I. {[(7, € a) x(a, €0)] = (an € 0)} 
= I {lee x-(tx ¢f2)] = -(¢2 €f2)}. [13-01] 
But (2-2, 9:01] (ze, cot.) = 1, and [3-2] —Ga, <<a) — 0. 
Hence: [1:5] [| cag x=(cay, ota) l= 0 = (a, cite): 
Hence [10-23] .{[ gr x-(fa ¢ fa)] = -(fx ¢f2)}. 
0, in the fourth and fifth lines of the above proof, is the 0 of the Two-Valued 
Algebra, not the 0 of the calculus of classes. Since the general method of 
these proofs will now be clear, the remaining demonstrations can be some- 
what abbreviated. 
14-61 [(ax-8) = 0] c[(axB) = al. 
[13-01-02-04-06] The theorem is equivalent to 
TI, {[( ge x-yr) = (xe 0)] c[(gx x yx) = ga}} 
But [13-3] I, -(v ¢ 0), and hence [9-1] I,[(w@¢«0) = O]. 
Hence the theorem is equivalent to 
I. {[(gu x-yx) = (we 0)] ¢[( gr x ya) = gr]} 
But [13-3] I. -(@ « 0), and hence [9-1] T,[(w#«0) = 0]. 
Hence the theorem is equivalent to 
Il, {[(gx x-yx) = O] e[( gx x px) = ga} 
But [1-61] [( gr, x-Wan) = 0] ¢[( ean x Ptn) = girl. 
Hence [10-23] Q.E.D. 
14:62 {[(axB) = @] x[(ax-8) = al} e(a = 0). 
The theorem is equivalent to 
TE {[(¢r x yx) = gx] x[(gx x-yx) = gx]} clex = (we 0)]] 
But (18:3, 9-1] Il(@e0) = 0}. 
Hence the theorem is equivalent to, 
IL i[( ex x yx) = ga] x[( gx x-yr) = g2x]} c(er = 0)J 
But [1-62] {[(gtn x prn) = gtr] x[( ern X-Yan) = otal} ¢ (er, = 0). 
Hence [10:23] -Q.E.D. 

The definition, 1 = -0, follows readily from the definition given of 0 in 
this section. The other two definitions of Chapter II are derived as follows: 
14:8 (a+) =-(-ax- 6). 

The theorem is equivalent to I,[(gx + ya) = -(-gx x-ya)]. 
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But [1-8] (gan+ Wan) = -(-ga, x-y2,). 
Hence [10-23] Q.E.D. 
14:9 (ac) = [(axB) = al. . 
The theorem is equivalent to Il,(¢gx ¢ yx) = I,[(guv x yx) = gal. 


But [1-9] (gx, ¢ Wn) is equivalent to [(ga, x¥xn) = gay. 
Hence [10-23-69] Q.E.D. 


Since the postulates and definitions of the calculus of classes can be 
deduced from the theorems of the calculus of propositional functions, it 
follows that the whole system of the logic of classes can be so deduced. 
The important differences between the calculus of classes so derived and 
the Boole-Schréder Algebra, as a logic of classes, are two: (1) The Boole- 
Schréder Algebra lacks the e-relation, and is thus defective in application, 
since it cannot distinguish the relation of an individual to the class of 
which it is a member from the relation of two classes one of which is con- 
tained in the other; (2) The theorems of the Boole-Schréder Algebra 
cannot validly be given the completely symbolic form, while those of the 
calculus of classes derived from the calculus of propositional functions can 
be given this form.!7 


V. Tse Logic or RELATIONS 


The logic of relations is derived from the theory of propositional func- 
tions of two or more variables, just as the logic of classes may be based 
upon the theory of propositional functions of one variable. 

A relation, R, is determined in extension when we logically exhibit the 
class of all the couples (a, y) such that x has the relation Rto y. If g(x, y) 
represent “x is parent of y’’, then # g[¢(z, y)] is the relation “parent of”’. 
This defines the relation in extension: just as the extension of “red”? is 
the class of all those things which have the property of being red, so the 
extension of the relation “parent of” is the class of all the parent-child 
couples in the universe. A relation is a property that is common to all the 
couples (or triads, etc.) of a certain class; the extension of the relation is, 
thus, the class of couples itself. The calculus of relations, like the calculus 
of propositions, and of classes, is a calculus of extensions. 


17 Oftentimes, as in Schréder, Alg. Log., 1, the relations of propositions in the algebra 
of classes have been represented in the symbols of the propositional calculus before that 
calculus has been treated otherwise than as an interpretation of the Boole-Schréder Algebra. 
But in such a case, if these symbols are regarded as belonging to the system, the procedure 
is invalid. 
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We assume, then, the idea of relation: the relation R meaning the class 
of couples (x, y) such that a has the relation F to y. 


R=4 Gey), S = 0 8(w 82), etc. 


This notation is simpler and more suggestive than R = 2 g[¢(z, y)], 
S = #@ 4[¥(w, z)], but it means exactly the same thing. A triadic relation, 
T, will be such that 

Tee vena| eye 


or T is the class of triads (a, y, z) for which the propositional function 
T(x, y, 2) is true. But all relations can be defined as dyadic relations. A 
triadic relation can be interpreted as a relation of a dyad to an individual— 
that is to say, any function of three variables, T(z, y, 2), can be treated as a 
function of two variables, the couple (x, y) and 2, or a and the couple (y, 2). 
This follows from the considerations presented in concluding discussion of 
the theorems numbered 11-, in section III.!8 Similarly, a tetradic relation 
can be treated as a dyadic relation of dyads, and so on. Hence the theory 
of dyadic relations is a perfectly general theory. 
Definitions exactly analogous to those for classes can be given. 


15-01 (x,y), € 2 lite, 10) | — eas Def. 
It is exactly at this point that our theoretical considerations of the equiva- 
lence of g(x, y),» and g(a, ys) becomes important. For this allows us to 
treat R(x, y), or (wv Ry), as a function of one or of two variables, at will; 
and by 11-07, we can give our definition the alternative form: 
ISG OLR Unie © (sia) = enter Def. 
“The couple (am Yn) belongs to the field, or extension, of the relation deter- 
mined by (z Rw)” means that xm R y, is true. 
15:02 5 1 Cio merlin) Cha Uy Def. 
This definition is strictly parallel to 13-02, 

(a cf) = I, @ea cae Bp) 
because, by 15-01, (2 Ry) is (w, y) e Rand (x S y) is (a, y) eS. A similar 
remark applies to the remaining definitions. 
15-03 (R=). =U, [@ Ry) =(e8S y)I- Def. 
R and S are equivalent in extension when, for every x and every y, (x R y) 


and (« S y) are equivalent assertions. 
18 See above, pp. 253 ff. 
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15:04 RxS=Z9[@Ry)x(eSy)]. Def. 

The logical product of two relations, R and S, is the class of couples (2, y. 
such that a has the relation R to y and z has the relation S to y. If R is 
“friend of”, and S is “colleague of’, R x S will be “friend and colleague of ”) 


15:05 R+eS=# 9 [@Ry)+(aS8y). Def. 
The logical sum of two relations, R and S, is the class of couples (a, y) such 


that either 2 has the relation R to y or x has the relation S to y. R+S 
will be “ Either R of or S of”’. 
15:06 -R=#g-(@ Ry). Def. 
-f is the relation of x to y when x does not have the relation R to y. 

It is important to note that Rx S, R+S, and -R are relations: x(R x S)y, 
a(R+8)y, and «-Ry are significant assertions. 

The “universal-relation” and the “null-relation” are also definable 
after the analogy to classes. 


Ec feeder ere oA 1) C(t. Y)\s Def. 
x has the universal-relation to y in case there is a function, ¢, such that 
¢(a, y) © f(a, y), 1. e., In case x and y have any relation. 


15:08 0 =-1. Def. 

Of course, 0, 1, + and x have different meanings for relations from their 
meanings for classes or for propositions. But these different meanings o 
0, +, etc., are strictly analogous. 

As was pointed out in Section III of this chapter, for every theorem 
involving functions of one variable, there is a similar theorem involving 
functions of two variables, due to the fact that a function ¢(x, y) may be 
regarded as a function of the single variable (x, y). Consequently, for 
each theorem of the calculus of classes, there is an exactly corresponding 
theorem in the calculus of relations. We may, then, cite as illustrations of 
this calculus the analogues of the theorems demonstrated to hold for 
classes; and no proofs will here be necessary. These proofs follow from the 
theorems of Section III, numbered 11-, exactly as the proofs for classes 
are given by the corresponding theorems in Section II, numbered 10-. 


15-1 0= #9-[f(@, y) of, y)]. 

The null-relation is the relation of x to y when it is false that ¢(x, y) implies 
¢(z, y), i. e., when x has no relation to y.!® Of course, there is no such 
(x, y) couple which can significantly be called a couple. 


19 Ag in the case of the 1 and 0 of the class calculus, the 1 and 0 of relations, defined as 
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152i lle ene rel), 

Every couple is a member of the universe of couples, or has the universal 
(dyadic) relation. 

15e3pe lle (oo) e Ul 

No couple has the null-relation. 

jaz ts dag calle, 


TS 5 eet. 

Every relation, R, is implied by the null-relation and implies the universal 
relation; or, whatever couple (2, y) has the null-relation has also the 
relation R, and whatever couple has any relation, R, has also the universal- 
relation. 


1556 00h cis) = Tee ak y) os aie 
For relations, R ¢S is more naturally read “R implies S” than “RF is con- 
tained in S”. By 15-6, “R implies S” means “For every x and every y, 
if x has the relation R to y, then 2 has the relation S to y”. Or “R implies 
S” means “Every (a, y) couple related by R are also related by S”’. 
15-7 (= 8) = IL, [@Ry) = @8y)I. 
Two relations, R and S, are equivalent when the couples related by R are 
also related by S, and vice versa (remembering that = is always a reciprocal 
relation c). 
[S72 oeu hci) = \(-5.c—h), 
If the relation R implies the relation S, then when S is absent R also will 
be absent. 
15-9) (hee Sys Col) ne een 
The implication of one relation by another is a transitive relation. 
15-91 [(R CS) * (tm RB yn)] € mS Yn). 
If R implies S and a given couple are related by R, then this couple are 
related also by S. 
157902501 CH iS OS reenter Hiteeny). 
The equivalence of relations is transitive. 

If it be supposed that the postulates concerning the existence of rela- 
tions are satisfied by exhibiting the functions which determine them, then, 


we have defined them, are such that propositions involving them are true whenever sig- 
nificant, and significant whenever the propositional functions determining the functions in 
question have the same range. 
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as in the case of classes, we can derive the postulates (or remaining postu- 
lates) for a calculus of relations from the theorems of the calculus of propo- 
sitional functions. The demonstrations would be simply the analogues of 
those already given for classes, and may be omitted. 
10°20 (lx it) = A, 
16:3 NCR. XS)) —=1(9, x2). 
164 QxS) xl = Rx(S x7). 
16:5. i. x0:= 0, 
16°61 [( fh. x=S_) = 0] ¢[(R-x 8) = Ri. 
$6,025) (Ci x S).=— Rl x[CR x=S) = R]}) ¢(R = 0). 
16-8 (R+8) = -(-Rx-S). 
10200 HC 5) =| XS)c= A. 

These theorems may also be taken as confirmation of the fact that 
the Boole-Schréder Algebra holds for relations. In fact, “calculus of 


d 


relations” most frequently means just that—the Boole-Schréder Algebra 
with the elements, a, b, c, etc., interpreted as relations taken in extension. 

So far, the logic of relations is a simple analogue of the logic of classes. 
But there are many properties of relations for which classes present no 
analogies, and these peculiar properties are most important. In fact, 
the logistic development of mathematics, worked out by Peirce, Schréder, 
Frege, Peano and his collaborators, and Whitehead and Russell, has de- 
pended very largely upon a further study of the logic of relations. While 
we can do no more, within reasonable limits, than to suggest the manner 
of this development, it seems best that the most important of these proper- 
ties of relations should be given in outline. But even this outline cannot 
be complete, because the theoretical basis provided by our previous dis- 
cussion is not sufficient for completeness. 

Every relation, R, has a converse, vR, which can be defined as follows: 


17-010 ei = 72 ah y). Def. 
If x has the relation R to y, then y has the converse relation, vR, to 2. 
It follows at once from the definition of (amyn) ¢ R that 

ale Yn = Yn iam 


because (2m R Yn) = (myn) €R = (Yntm) YR = Yn VR Xm. 
The converse of the converse of R is R. 
C(CAy i= aR 
19 
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since v(¥R) =o (yrRe =29(e¢Ry) =R. (This is not a proof: 
proof would require that we demonstrate 
Ts, A(t, y) e v¥(vR) = (a, y) € RI 
But it is obvious that such a demonstration may be given. In general, 
we shall not pause for proofs here, but merely indicate the method of proof.) 
The properties of symmetrical relations follow from the theorems con- 


cerning converses. For any symmetrical relation 7, 7 = +7. The uni- 
versal relation, 1, and the null-relation, 0, are both symmetrical: 


(wly) = [¢(v, y) ¢f@, y] = 1 = [fy x) coy, x)] = (yl 2) 


(The “1” in the middle of this ‘proof’ is obviously that of the calculus of 
propositions. Similarly for 0 in the next.) 


(2 Oy) = -[f(a, y) cf (az, y)] = 0 = -[f(y, x) cfly, z)] = (y Oz) 


It is obvious that if two relations are equivalent, their converses will be 
equivalent: 


Tessa oh ti) 


Not quite so obvious is the equivalent of (R cS), in terms of ¥R and vS. 
We might expect that (R ¢S) would give (¥S c¢v¥R). Instead we have 


CicS) t= (oh cus) 


for (cS) =. [@ Ry) c@s y= le ly oha) ew os 2) 
= (*RcvS§) 
““Parent of’ implies ‘ancestor of’” is equivalent to ‘“‘Child of’ implies 
“descendent of’”’. 
The converses of compound relations is as follows: 


“(RxS) = -RxvS 
for «x ¥(RxS)y = y(RxS)x = (y Re) x(yS2x) = (a v-Ry) x(a oS y) 
= x(¥R xvS)y 
If x is employer and exploiter of y, the relation of y to x is “employee of 
and exploited by”. Similarly 


“(R+S8) = -R+~8 


If x is either employer or benefactor of y, the relation of y to x is “either 


employee of or benefitted by”’. 


Other important properties of relations concern “relative sums” and 
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“relative products”. These must be distinguished from the non-relative 
sum and product of relations, symbolized by + and x. The non-relative 
product of “friend of” and “colleague of” is “friend and colleague of”: 
their relative product is “friend of a colleague of”. Their non-relative 
sum is “either friend of or colleague of”: their relative sum is “friend of 
every non-colleague of”. We shall denote the relative product of R and S 
by R|S, their relative sum by Rt S. 


17-02 R|S = #4{2,[(@ Ry) x(yS2)]}. Def. 
R|S is the relation of the couple (x, z) when for some y, x has the relation 


R to y and y has the relation S to z. x is friend of a colleague of z when, 
for some y, 2 is friend of y and y is colleague of 2. 

17-030, 10 = 2 siILiG@ hy) +@yS2)}}. Def. 

RTS is the relation of x to z when, for every y, either x has the relation 
R to y or y has the relation S to z. « is friend of all non-colleagues of 2 
when, for every y, either x is friend of y or y is colleague of z. 

It is noteworthy that neither relative products nor relative sums are 
commutative. “Friend of a colleague of” is not “colleague of a friend of”’. 
Nor is “friend of all non-colleagues of” the same as “colleague of all non- 
friends of’. But both relations are associative. 


R| (S| 1) = (R|S)|7 


for Di (w Ra) xleS Tyz|) = 2.{w Raz) xz, l(a 8 y) xy 7 2)]} 
= Z,Z.{(w Ra) x[(a@ Sy) xy T2)]} 
Zyz } 

j 


yor((w Ra) x(a8 y)] xy Lz) 


l| 


Dil he) xs six yl 3) 
= Z,{[w(R S)y] xy T2)} 
“Friend of a (colleague of a neighbor of)”’ is “(friend of a colleague) of a 


neighbor of”’. 
Similarly, Retateateds): ==. Ral 49) cake 


“Friend of all (non-colleagues of all non-neighbors of)’’ is “(friend of all 
non-colleagues) of all non-neighbors of”’. 

De Morgan’s Theorem holds for the negation of relative sums and prod- 
ucts. 


-(R|S) =-R+-S 
for -{2,[(@ Ry) xySz)]} = W-[@ Ry) xy 82) 


IL,[-(@ Ry) +-(y § 2)] 
IL[(« -R y) + (y -S 2)] 


I 
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The negative of “friend of a colleague of” is “non-friend of all colleagues 
(non-non-colleagues) of ”’. 

Similarly, -(Rt 8) = -R|-S 

The negative of “friend of all non-colleagues of” is “non-friend of a non- 


colleague of ”’. 
Converses of relative sums and products are as follows: 


(RS) = vS|¥R 


for a u¥(R|S)z = 2(R|S)e = Tle Ry) xy 8 2z)] 
= Z{(yS2x)xzRy)] 
= Z,[(z ¥S y) x (y vR2)] 
= 2(v¥S|+R)z 


If x is employer of a benefactor of z, then the relation of z to x is “bene- 


fitted by an employee of”’. 
Sunilarly, ¥V(RTS) = -S TR 


If x is hater of all non-helpers of z, the relation of z to 2 is “helped by all 
who are not hated by”. 
The relation of relative product is distributive with reference to non- 
relative addition. 
R|(S+ T) = (R8)+(R T) 
for a[R|(S+ T)]z = D,{@ Ry) x[y(S+ T)z]} 
= Zi Ry) x[yS2)+y Te} 
= Zil@ Ry) xySezl+l@Ry) xy Te2)]} 
[x(R|S)z] + [2(R| Tz] 
Similarly, (R+8S)|T = (R| T)+(8|7) 


“Wither friend or colleague of a teacher of’’ is the same as “either friend 
of a teacher of or colleague of a teacher of”’. 
A somewhat curious formula is the following: 
R|(S x T) ¢(R|S) x(R| 7) 
It holds since 2[R|(S x T)]z = 2,{(@ Ry) x[y(S x T)a]} 
Lyte Ry) x[y Sz) xy T2)]}} 
and since a x(b xc) = (a xb) x(a xe), 
= Zyil@ Ry) x(ySz)] x[@ Ry) xy T2)]} 
c Zi Ry) x(y82)] x2,[@ Ry) x(y T2)] 
And this last expression is [x(R|S)z] x[v(R| 7)z]. 
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If x is student of a friend and colleague of z, then x is student of a friend and 
student of a colleague of z. The converse implication does not hold, be- 
cause “student of a friend and colleague” requires that the friend and the 
colleague be identical, while “student of a friend and student of a col- 
league” does not. (Note the last step in the ‘proof’, where =, is repeated, 


and observe that this step carries exactly that significance.) 
Similarly, CEES ETON TA TAY EIS 78) 


The corresponding formulae with t instead of | are more complicated 
and seldom useful; they are omitted. 

The relative sum is of no particular importance, but the relative product 
is a very useful concept. In terms of this idea, “powers”’ of a relation are 
definable: 

Re -ab ith, Rese een, ete. 


A transitive relation, S, is distinguished by the fact that S?.¢S, and hence 
S" cS. The predecessors of predecessors of predecessors ... of x are 
predecessors of 2. This conception of the powers of a relation plays a 
prominent part in the analysis of serial order, and of the fundamental proper- 
ties of the number series. By use of this and certain other concepts, the 
method of “mathematical induction” can be demonstrated to be com- 
pletely deductive.?° 

In the work of De Morgan and Peirce, “relative terms” were not given 
separate treatment. The letters by which relations were symbolized were 
also interpreted as relative terms by a sort of systematic ambiguity. Any 
relation symbol also stood for the class of entities which have that relation 
to something. But in the logistic development of mathematics, since that 
time, notably in Principia Mathematica," relative terms are given the 
separate treatment which they really require. The “domain” of a given 
relation, R—that is, the class of entities which have the relation R to some- 
thing or other—may be symbolized by D‘R, which can be defined as follows: 


17°04 DR = 2lze hy]. Def. 
The domain of RB is the class of x’s determined by the function “For some y, 
a has the relation R to y”’. If R be “employer of”, D‘R will be the class 
of employers. 

The “converse domain” of R—that is, the class of things to each of 


20 See Principia, 1, Bk. 1, Sect. E. 
21 See 1, 33. The notation we use for domains and converse domains is that of Prin- 


cipia. 
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which something or other has the relation R—may be symbolized by G‘R 
and similarly defined: 

17-055 R= {2.0 hy) Def. 

‘The converse domain of R is the class of y’s determined by the function 
“For some x, a has the relation R to y”. If R be “employer of”, A‘R 
will be the class of employees. 


The domain and converse domain of a relation, R, together constitute 
‘the “field” of R, C‘R. 
17°06 CR=2(2Ji@ha+r@a Re)|}. 
‘The field of R will be the class of all terms which stand in either place in 
the relation. If R be “employer of”, C‘R is the class of all those who are 
either employers or employees. 

The elementary properties of such “relative terms” are all obvious: 


ee) Hea (ty hy) 
pe a ANGI IPs) 
teCh =D /eehy)+ GY Ro,)| 
CR = DR+C0R 
However, for the logistic development of mathematics, these properties 
are of the highest importance. We quote from Principia Mathematica: 
“Let us . . . suppose that R is the sort of relation that generates a series, 
say the relation of less to greater among integers. Then D‘R = all integers 
that are less than some other integer = all integers, G‘R = all integers 
that are greater than some other integer = all integers except 0. In this 
case, C‘R = all integers that are either greater or less than some other 
integer = allintegers .... Thus when R generates a series, C‘R becomes 
ir OOrca iat seme 
We have now surveyed the most fundamental and important characters 
of the logic of relations, and. we could not well proceed further without 
elaboration of a kind which is here inadmissible. But the reader is warned 
that we have no more than scratched the surface of this important topic. 
About 1890, Schréder could write “What a pity! To have a highly 
developed instrument and nothing to do with it”. And he proceeded to 
make a beginning in the bettering of this situation by applying the logic 
of relatives to the logistic development of certain portions of Dedekind’s 
theory of number. Since that time, the significance of symbolic logic has 
been completely demonstrated in the development of Peano’s Formulaire 
Hip soy, PAaill, 
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and of Principia Mathematica. And the very head and front of this develop- 
ment is a theory of relations far more extended and complete than any 
previously given. We can here adapt the prophetic words which Leibniz 
puts into the mouth of Philalethes: “I begin to get a very different opinion 
of logic from that which I formerly had. I had regarded it as a scholar’s 
diversion, but I now see that, in the way you understand it, it is a kind of 
universal mathematics.”’ 


VI. Tue Loaic or Principia Mathematica 


We have now presented the extensions of the Boole-Schréder Algebra— 
the Two-Valued Algebra, propositional functions and the propositions 
derived from them, and the application to these of the laws of the Two- 
Valued Algebra, giving the calculus of propositional functions. Beyond 
this, we have shown in outline how it is possible, beginning with the Two- 
Valued Algebra as a calculus of propositions, to derive the logic of classes 
in a form somewhat more satisfactory than the Boole-Schréder Algebra, 
and the logic of relations and relative terms. In so doing, we have presented 
as much of that development which begins with Boole and passes through 
the work of Peirce to Schréder as is likely to be permanently significant. 
But, our purpose here being expository rather than historical, we have not 
followed the exact forms which that development took. Instead, we have 
considerably modified it in the light of what symbolic logicians have learned 
since the publication of the work of Peirce and Schréder. 

Those who are interested to note in detail our divergence from the 
historical development will be able to do so by reference to Sections VII 
and VIII of Chapter I. But it seems best here to point out briefly what 
these alterations are that we have made. In the first place, we have 
interpreted Lex, Igr, Ly¥(a, y), etc., explicitly as sums or products of 
propositions of the form gt, W(amYyn), etc. Peirce and Schroder avoided 
this, in consideration of the serious theoretical difficulties. But while 
they did not treat gz as an actual product, Lge as an actual sum, still 
the laws which they give for propositions of this type are those which result 
from such a treatment. ‘here is no slightest doubt that the method by 
which Peirce discovered and formulated these laws is substantially the one 
which we have exhibited. And this explicit use of gz as the symbol for a 
product, gx as the symbol of a sum, makes demonstration possible where 
otherwise a large number of assumptions must be made and, for further 
principles, a much more difficult and less obvious style of proof resorted to. 
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In this part of their work, Peirce and Schréder can hardly be said to have 
formulated the assumptions or given the proofs. 

In the second place, the Boole-Schréder Algebra—the general outline 
of which is already present in Peirce’s work—probably seemed to Peirce 
and Schréder an adequate calculus of classes (though there are indications 
in the paper of 1880 that Peirce felt its defects). With this system before 
them, they neglected the possibility of a better procedure, by beginning 
with the calculus of propositions and deriving the logic of classes from the 
laws which govern propositional functions. And although the principles 
which they formulate for propositional functions are as applicable to func- 
tions of one as of two variables, and are given for one as well as for two, 
their interest was almost entirely in functions of two and the calculus of 
relatives which may be derived from such functions. The logic of classes 
which we have outlined is, then, something which they laid the foundation 
for, but did not develop. 

The main purposes of our exposition thus far in the chapter have been 
two: first, to make clear the relation of this earlier treatment of symbolic 
logic with the later and better treatment to be discussed in this section; 
and second, to present the logic of propositional functions and their deriva- 
tives in a form somewhat simpler and more easily intelligible than it might 
otherwise be. The theoretically sounder and more adequate logic of Prin- 
cipia Mathematica is given a form which—so far as propositional functions 
and their derivatives is concerned—seems to us to obscure, by its notation, 
the obvious and helpful mathematical analogies, and requires a style of 
proof which is much less obvious. With regard to this second purpose, we 
disclaim any idea that the development we have given is theoretically 
adequate; its chief value should be that of an introductory study, prepara- 
tory to the more complex and difficult treatment which obviates the the- 
oretical shortcomings. 

Incidentally, the exposition which has been given will serve to indicate 
how much we are indebted, for the recent development of our subject, to 
the earlier work of Peirce and Schroder. 

The Peirce-Schréder symbolic Jogic is closely related to the logic of 
Peano’s Formulaire de Mathématiques and of Principia Mathematica. This 
connection is easily overlooked by the student, with the result that the sub- 
ject of his first studies—the Boole-Schréder Algebra and its applications—is 
likely to seem quite unrelated to the topic which later interests him—the 
logistic development of mathematics. Both the connections of these two 
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and their differences dre important. We shall attempt to point out both. 
And because, for one reason, clearness requires that we stick to a single 
illustration, our comparison will be between the content of preceding 
sections of this chapter and the mathematical logic of Book I, Principia 
Mathematica. 

The Two-Valued Algebra is a calculus produced by adding to and re- 
interpreting an algebra intended primarily to deal with the relations of 
classes. And it has several defects which reflect this origin. In the first 
place, the same logical relation is expressed, in this system, in two different 
ways. We have, for example, the proposition “If p¢q and qer, then 
od ee kUCre ede and sreare. propositions. Bie. if... sathen ee 
is supposed to be the same relation which is expressed by ¢ in peq, ger, 
and per. Also, “and” in “pecqand qer” is the relation which is other- 
wise expressed by x—and so on, for the other logical relations. The 
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equivalent to. . .”’, just as any mathematical system may; yet these are 
exactly the relations c, x, +, =, and + whose properties are supposed to 
be investigated in the system. Thus the system takes the laws of the logical 
relations of propositions for granted in order to prove them. Nor is this 
paradox removed by the fact that we can demonstrate the interchange- 
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Sulitweote teak nen. +... aNOeC Olam ond... . . sand. x etc 
For the very demonstration of this interchangeability takes for granted 
the logic of propositions; and furthermore, in the system as developed, 
it is impossible in most cases to give a law the completely symbolic form 
until it has first been proved in the form which involves the non-symbolic 
expression of relations. So that there is no way in which the circularity 
in the demonstration of the laws of propositions can be removed in this 
system. 
Another defect of the Two-Valued Algebra is the redundance of forms. 
The proposition p or “p is true” is symbolized by p, by p = 1, by p + 0, 
23 Logically, as well as historically, the method of Peano’s Formulaire is a sort of 
intermediary between the Peirce-Schréder mode of procedure and Principia. The general 
method of analysis and much of the notation follows that of the Formulaire. But the 
Formulaire is somewhat less concerned with the extreme of logical rigor, and somewhat 
more concerned with the detail of the various branches of mathematics. Perhaps for this 
reason, it lacks that detailed examination and analysis of fundamentals which is the dis- 
tinguishing characteristic of Principia. For example, the Formulaire retains the ambiguity 
of the relation > (in our notation, ¢): p2>q may be either “the class p is contained in 
the class q”’, or ‘‘the proposition p implies the proposition g”. In consequence, the Formu- 
laire contains no specific theory of propositions. 
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etc., the negation of p or “p is false” by -p, p = 0, -p = 1, p = 1, ete. 
These various forms may, it is true, be reduced in number; p and -p may 
be made to do service for all their various equivalents. But these equivalents 
cannot be banished, for in the proofs it is necessary to make use of the fact 
that p = (p = 1) =(p + 0), -p = (p = 0) = (p = 1), ete, m order to 
demonstrate the theorems. Hence this redundance is not altogether 
avoidable. 

Both these defects are removed by the procedure adopted for the 
calculus of propositions in Principia Mathematica.* Here p = 1, p = 0, 
etc., are not used; instead we have simply p and its negative, symbolized 
by ~p. And, impossible as it may seem, the logic of propositions which 
every mathematical system has always taken for granted is not presumed. 
The primitive ideas are: (1) elementary propositions, (2) elementary 
propositional functions, (3) assertion, (4) assertion of a propositional func- 
tion, (5) negation, (6) disjunction, or the logical sum; and finally, the 
idea of “equivalent by definition”, which does not belong in the system 
but is merely a notation to indicate that one symbol or complex of symbols 
may be replaced by another. An elementary proposition is one which 
does not involve any variables, and an elementary propositional function 
is such as “not-p”’ where p is an undetermined elementary proposition. 
The idea of assertion is just what would be supposed—a proposition may 
be asserted or merely considered. The sign | prefaces all propositions 
which are asserted. An asserted propositional function is such as “4 is A” 
where A is undetermined. The disjunction of p and gq is symbolized by 
pv q, instead of p+q. pvq means “At least one of the two propositions, 
p and q, is true”’. 

The postulates and definitions are as follows: 

*1-01 pogs =a~pvg. iD)y. 

“» (materially) implies q” is the defined equivalent of “At least one of 
the two, ‘p is false’ and ‘q is true’, is a true proposition”. (The explana- 
tion of propositions here is ours.) p2q is the same relation which we 
have symbolized by p cq, not its converse. 

(The propositions quoted will be given the number which they have in 
Principia. The asterisk which precedes the number will distinguish 
them from our propositions in earlier chapters or earlier sections of this 
chapter.) 

The logical product of p and ¢ is symbolized by p q, or p « q. 

*4 See Bk. 1; Sect. A. 
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*3:°OL pegs =.~(~pv~q). Di 

is the defined equivalent of “It is false that at 
least one of the two, p and q, is false”. This is, of course, a form of De 
Morgan’s Theorem—in our notation, (p q) = -(-p+-q). 


“» is true and q is true’ 


The (material) equivalence of p and qis symbolized by p = qorp. = «4. 
Ui Gn. DIO. GS p. Df. 
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“p is (materially) equivalent to q”’ is the defined equivalent of “p (ma- 
terially) implies q and q (materially) implies p”. In our notation, this 
WOlldehben peg) — (pp Gaqcp). INoté:that,... =)... and saa) =i 
Df are different relations in Principia. 

The dots in these definitions serve as punctuation in place of parentheses 
and brackets. Two dots, :, takes precedence over one, as a bracket over a 
parenthesis, three over two, etc. In *4-01 we have only one dot after =, 
because the dot between p>q and q>>p indicates a product: a dot, or two 
dots, indicating a product is always inferior to a stop indicated by the 
same number of dots but not indicating a product. 

The postulates of the system in question are as follows: 


*1-1 Anything implied by a true elementary proposition is true. 12188 
(“Pp.” stands for “ Primitive proposition ’’.) 
*1-11 When gz can be asserted, where x is a real variable, and gr > ya 
can be asserted, where z is a real variable, then yx can be asserted, where x 
is a real variable. Ep, 
A “real variable” is such as p in —p. 
K1-2 FipvpuaraD. Pp. 
In our notation, (p+ p) cp. 
KIS Fi geDs PVg. Py 
In our notation, ¢g ¢ (p+ q). 
*1:4. bi pvgardaqvp. Pp. 
In our notation, (p+q) ¢(q +P). 
*1-5 Fipv(qvr)sDeqv(pvr). Pp 
In our notation, [p+ (¢+7)] ¢[¢+ (ptr)]. 
Oe bts Ot sD 2p Vg. l. DVT. Pp: 
In our notation, (ger) ¢[(p+q) ¢(ptr)]. 


Note that the sign of assertion in each of the above is followed by a 
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sufficient number of dots to indicate that the whole of what follows is 
asserted. 

1-7 If p is an elementary proposition, ~p is an elementary proposition. 
Pp: 

*1-71 If p and q are elementary propositions, p vq is an elementary 
proposition. Pp. 

*1-72 If vp and yp are elementary propositional functions which take 
elementary propositions as arguments, gp v yp is an elementary proposi- 
tional function. Mee 

This completes the list of assumptions. The last three have to do 
directly with the method by which the system is developed. By 1-7, 
any proposition which is assumed or proved for p may also be asserted to 
hold for ~p, that is to say, ~p may be substituted for p or q or,r, ete., in 
any proposition of the system. By *1-71, p vq may be substituted for p 
or qgorr,ete. And by *1-72, if any two complexes of the foregoing symbols 
which make sense as “statements” can be treated in a certain way in the 
system, their disjunction can be similarly treated. By the use of all three 
of these, any combination such as pvq, p»q4, P24, D=q% P2G=G>P, 
~PpaVapvg, ~pv~q, etc., ete., may be substituted for p or q or r in any 
assumed proposition or any theorem. Such substitution, for which no 
postulates would ordinarily be stated, is one of the fundamental operations 
by which the system is developed. 

Another kind of substitution which is fundamental is the substitution 
for any complex of symbols of its defined pibores where such exists. 
This operation is covered by the meaning assigned to ‘ ee Sete LT et 

Only one other operation is used in the dev Trees of this calculus 
of elementary propositions—the operation for which *1-1 and *1-11 are 
assumed. If by such substitutions as have just been explained there 
results a complex of symbols in which the main, or asserted, relation is 3, 
and if that part of the expression which precedes this sign is identical with a 
postulate or previous theorem, then that part of the expression which 
follows this sign may be asserted as a lemma or new theorem. In other 
words, a main, or asserted, sign > has, by *1-1 and *1-11, the significant 
property of “If... , then ...”. This property is explicitly assumed 
in the postulates. The main thing to be noted about this operation of 
inference is that it is not so much a piece of reasoning as a mechanical, or 
strictly mathematical, operation for which a rule has been given. No 
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“mental”’ operation is involved except that required to recognize a previous 
proposition followed by the main implication sign, and to set off what 
follows that sign as a new assertion. The use of this operation does not, 
then, mean that the processes and principles of ordinary Jogic are tacitly 
presupposed as warrant for the operations which give proof. 

What is the significance of this assumption of the obvious in *1-1, *1-11, 
*1-7, *1-71, and «1-72? Precisely this: these postulates explicitly 
assume so much of the logical operations as is necessary to develop the 
system, and beyond this the logic of propositions simply is not assumed. 
To illustrate this fact, it will be well to consider carefully an exemplary 
proof or two. 


*2-01  Fip>~p.ra~p 
Dem. | cant “2 | bia-pV~paran~p (1) 


[(1) « (*1-01)] }i po ~p.>d.~p 
“Taut” is the abbreviation for the Principle of Tautology, «1-2 above. 
~p/p indicates that ~p is substituted in this postulate for p, giving (1). 
This operation is valid by «1-7. Then by the definition «1-01, above, 
p>~p is substituted for its defined equivalent, ~p v~p, and the proof is 


complete. 


*2:05 Fie g>reDipdg«Daprr 
Dem. | Sum ~ | bea G>raDin~pVgera~pvr (1) 


(i ole DL ewe got. Ds pO «> apes 
Here “Sum” refers to *1-6, above. And (1) is what *1-6 becomes when 
~p is substituted for p. Then, by «1-01, p>q and por are substituted 
for their defined equivalents, ~p vq and ~pvr, in (1), and the resulting 
expression is the theorem to be proved. 
The next proof illustrates the use of «1-1 and «1-11. 


*2:06 FiapIgsDigrraraprr 
Dem. | Comm o-2= et 
Ps q; £ 
RUE Nite ie ale neine Hale ei kare reek 165) 
(62:05) Pa gor. D ipa g.>sprr (2) 
(Cn 2a lolIM Et po geo kG D7. Ds poe 
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“Comm” is *2-04, previously proved, which is p»x>«g3ridiqrdspor. 
When, in this theorem, g>r is substituted for p, p>q for g, and p> r for r, 
it becomes the long expression (1). Such substitutions are valid by «1-7, 
*1-71, and the definition «1-01: if p is a proposition, ~p is a proposition; 
if ~p and q are propositions, ~p vq is a proposition; and p>q is the defined 
equivalent of ~pvq. Thus p>q can be substituted for p. If we replace 
the dots by parentheses, etc., (1) becomes 


K{(q>7r) 2[(p2Qg > (prr))}} > {2g 21(G>7) > (p> 7)]} 


But, as (2) states, what here precedes the main implication sign is identical 
with a previous theorem, *2-05. Hence, by *1-11, what follows this 
main implication sign—the theorem to be proved—can be asserted. 
Further proofs would, naturally, be more complicated, but they involve 
no principle not exemplified in the above. These three operations—sub- 
stitutions according to *1-7, «1-71, and *1-72; substitution of defined 
equivalents; and “inference” according to *1-1 and *1-11—are the only 
processes which ever enter into any demonstration in the logic of Principia. 
The result is that this development avoids the paradox of taking the logic 
of propositions for granted in order to prove it. Nothing of the sort is 
assumed except these explicitly stated postulates whose use we have ob- 
served. And it results from this mode of development that the system is 
completely symbolic, except for a few postulates, *1-1, *1-7, ete., involving 
no further uselof ssi 1.9; jthen,)..,",-.etther’. = *) Op ase sane nee 


I 
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ernCUC: 

We have now seen that the calculus of propositions in Principia Mathe- 
matica avoids both the defects of the Two-Valued Algebra. The further 
comparison of the two systems can be made in a sentence: Except for the 
absence, in the logic of Principia, of the redundance of forms, p, p = 1, 
p + 0, etc., etc., and the absence of the entities 0 and 1, the two systems 
are identical. Any theorem of this part of Principia can be translated 
into a valid theorem of the Two-Valued Algebra, and any theorem of the 
Two-Valued Algebra not involving 0 and 1 otherwise than as {= 0} or 
{= 1} can be translated into a valid theorem of Principia. In fact, the 
qualification is not particularly significant, because any use of 0 and 1 in 
the Two-Valued Algebra reduces to their use as {= 0} and {= 1}. For 0 
as a term of a sum, and | as a factor, immediately disappear, while the 
presence of 0 as a factor and the presence of 1 in a sum ean always be other- 
wise expressed. But p = Ois-p, and p = lis p. Hence the two systems 
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are simply identical so far as the logical significance of the propositions 
they contain is concerned.” 


The comparison of our treatment of propositional functions with the 
same topic in Principia is not quite so simple. 

In the first place, there is, in Principia, the “theory of types,”’ which 
concerns the range of significance of functions. But we shall omit con- 
sideration of this. Then, there are the differences of notation. Where 
we write I¢z, or Il,¢gr, Principia has (x) » ex; and where we write >¢z, 
or 2, ¢2, Principia has (Hx) « gx. A further and more important difference 
may be made clear by citing the assumptions of Principia. 


*9-O1 ~{ (x) . gx} ae (Hx) a “QU. Di 
*9-02 ~{(Hx) » or}. =. (2). ~er. Dis 
oo -05) (2) sigte Vt =. (2) =. or Vp. Die 


* This may be proved by noting that, properly translated, the postulates of each system 
are contained amongst the propositions of the other. Of the postulates in Principia, 
rendered in our notation: 


*1-01 is (p cq) = (-p+q), which is contained in our theorem 9-3. 
*1-2 is (p + p) cp, which is a consequence of our theorems 2-2 and 5-33. 
%*1-3 is, p ¢(p+q), which is our theorem 5-21. 
*1-4 is (p+q) ¢(q+>p), which follows from our theorem 4-3, by 2-2. 
*1-5 is, p+(q+r) ¢q+(ptr), which is a consequence of our theorems 4:3 and 4-4, 
by 2-2. 2 
*1-6 is (ger) ¢ [(p+q) <¢(p+tr)], which is a consequence of our theorem 5-31, by 2:2. 
The remaining (non-symbolic) postulates are tacitly assumed in our system. 
Of our postulates, 1-1-1-9 in Chap. 1 and 9-01 in Chap. tv: 


1-1 is a consequence of *1-7 and *1-71 in Principia. 
1-2 is *4-24 in Principia. 
1-3 is *4-3 in Principia. 
1-4 is *2-3 in Principia. 
1-5 is equivalent to “If x = 0, then az = 0”’, hence to -x ¢ -(a x), which is a consequence 
of *3-27 in Principia, by *2-16. 
1-61, in the form -(x -a) ¢ (va = 2), is a consequence of *4-71 and *4-61 in Principia, 
by *4-01 and *3-26. 
1-62, in the form [(ya = y)(y -a = y)]¢-y, is a consequence of *4-71, *5-16, and 
*2+21 in Principia. 
1-7 is equivalent to [(7 = 1)(y = 0)] ¢(w = -y), hence to (a -y) ¢ (x = -y), which is an 
immediate consequence of *5-1 in Principia. 
1-8 is *4-57 in Principia. 
1:9 is *4-71 in Principia. 
9-01 is equivalent to (¢ = 1) ¢[p = (p = q)], hence to g¢[p = (p = Q)]; which is an 
immediate consequence of *5-501 in Principia. 

26 See Principia, 1, 15-21. 
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In this last, note the difference in the scope of the “quantifier” (x) on the 
two sides. If the dots be replaced by parentheses, *9-03 will be 


{[(x) » ga] vp} = {(x) « [gr vp} 
A similar difference in the scope of (a) or (x) on the two sides characterizes 
each of the further definitions.?? 
KO-04 DaVu (%) uw GUT =u (H) a PV oe. DE 
*9-05 (He). ore Vu P= « (HS) oe Vp. Dt. 
*9:06 pav.a(e) s grit =. (Hx). py ou. Df. 
*O°O7 (yn eta Ve (Ay) wy f= 8 aes (Ay) env dy: Df. 
*9:-08 (Hy) «by aVa (et) o get =i (x) i dy)» WV oz. Df. 


Besides these definitions, there are four postulates (in addition to those 


which underlie the calculus of elementary propositions). 

*9-1 «=F 8 gwd. (12). oo. Pp: 

*9-11 FE gr v wy oD. (A2)s oe. Ep: 

*9-12 What is implied by a true premiss is true. Pp. 

*9-13 In any assertion containing a real variable, this real variable may 


be turned into an apparent variable for which all possible values are asserted 
to satisfy the function in question. Pp. 


By our method, every one of these assumptions, except *9-12, is a 
proved proposition. In our notation, 
*9-O1 is -Ilgx = 2-g¢2, which is our theorem 10-1, with -¢x substituted 
for gv. 
*9-02 is -Z yx = IL-¢x, which is our theorem 10-12, with -¢w substi- 
tuted for ¢v. 
*9-03 is ILgv +P = II,(gx + P), which is our theorem 10-32. 
*9-04 is P+Ig¢a = II,(P + gx), which is 10-33. 
*9:05 is Tex +P = Y,( ev + P), which is 10-3. 
*9-06 is P+ Dex = D,(P + ox), which is 10-31. 
*9-07 is Ilga + Xyy = IL,D,( gr + Wy), which is contained in 12-5. 
*9-08 is Zyy+Igxr = II,D,(vy + ex), which is also contained in 12-5. 
The postulates require explanation. The authors of Principia use 
yy, 92, ete., to represent values of the function gv. In other words, where 


we have written gz, they simply change the letter. This is a valid con- 
27 Tbid., 1, 185-38. 
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vention (though it often renders proofs confusing) because the range of ga 
is determined by ¢, not by 2, and x is—conventions aside—indifferent. 
in gz, where we should write gan, is called a “real variable”, x in (x) « gx 
and (Ha) « gv, an “apparent variable”. With this explanation, it is clear 
that: 


*9-1 is gx, € Lex, which is 10-21. 


*9-11 is gam+ gx, CZ¢gx, which is an immediate consequence of 10-21, 
by 5-33. 

*9-13 is “If whatever value of x, in gx, v7, may be, ¢xn, then I¢z,”’ and 
this implication is contained in the equivalence stated by 10-23. 

These principles which are assumed in Principia Mathematica are suf- 
ficient to give all further propositions concerning functions of one variable, 
without assuming (x) « gv to be the product of ga, g&, etc. (or vy, ¢2, 
etc.), (Ax) « gx to be the sum of 21, g%e, etc. These are simply assumed 
as new primitive ideas, (2) » gx meaning “ ga for all values of x”’, (Az) « ox 
meaning “ ga for some values of x”. This procedure obviates all questions 
about the number of values of x in gv—which troubled us—and secures 
the universality of theorems involving propositional functions without any 
discussion or convention covering the cases in which the values of the vari- 
able are infinite in number. The proofs in Principia reflect this difference 
of method. They are, in general, what ours might have been if we had 
based all further proofs directly upon 10-23 and the propositions con- 
necting Dgr+P with Y.(¢r+P), etc., not making any use, after 10-23, 
of the properties of Iga as a product, or of 2 gx as a sum. 

The theory of functions of two variables, in Principia Mathematica, 
requires two further assumptions: 


*11-01 (@, y) = o(%, y) =» = 3 (x) = Y) « oe, y). DE 
*11-03 (da, y) » o(x, y) » = 3 (Ax) § Gy) « ofa, y). Df. 
These are identically our assumptions: 
11-06 I, ez, y) = ILD, e@,'y), and 
11:05 Ze, yo(@, y) = ZrBye(x, y). 
The difference between the treatment of propositional functions which 
we have given and the treatment in Principia is not necessarily correlated 


with the difference between our treatment of propositions and theirs. The 
method by which we have developed the theory of propositional functions 


20 
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might exactly as well have been based upon the calculus of elementary 
propositions in Principia as upon the Two-Valued Algebra. A few minor 
alterations would be sufficient for this change. The different procedure 
for propositional functions, in the two cases, is a difference to be adjudged 
independently, without necessary reference to the defects of the Two- 
Valued Algebra which have been pointed out. 

Beyond the important differences which have been mentioned, there 
are minor and trivial divergences between the two systems, due to the 
different use of notation. Neglecting these, we may say that the two 
methods give the same results, with the following exceptions: 

1. There are certain complexities in Principia due to the theory of 
types. 

2. In Principia the conditions of significance are explicitly investigated. 

3. Principia contains a theory of “descriptions”, account of which is 
here omitted. 

But none of these exceptions is a necessary difference. They are due to 
the more elementary character of our presentation of the subject. We 
may, then, say loosely that the two methods give identical results. 

The calculus of classes and of relations which we have outlined in the 
preceding sections bear a similar relation to the logic of classes and of 
relations in Principia; that is to say, there is much more detail and com- 
plexity of theory in Principia, but so far as our exposition goes, the two are 
roughly the same. And here there is no important difference of method. 

It should now be clear how the logic of Principia is related to the logic 
we have presented, following in the main the methods of Peirce and Schréder. 
There is much difference of method, and, especially in the case of the cal- 
culus of propositions, this difference is in favor of Principia. And in 
Principia there is much more of theoretical rigor and consequent complexity : 
also there are important extensions, especially in the theory of “descrip- 
tions”’ and the logic of relatives. But so far as the logic which we have 
expounded goes, the two methods give roughly identical results. When 
we remember the date of the work of Peirce and Schréder, it becomes clear 
what is our debt to them for the better developments which have since 
been made. 


CU EAS Dale Hy RY 


THE SYSTEM OF STRICT IMPLICATION 1 


The systems discussed in the last chapter were all based upon material 
implication, p ¢q meaning exactly “The statement, ‘p is true and q false,’ 
is a false statement”. We have already called attention to the fact that 
this is not the usual meaning of “implies’’. Its divergence from the 
“implies”’ of ordinary inference is exhibited in such theorems as “A false 


I 


proposition implies any proposition”’, and “‘A true proposition is implied 
by any proposition”’.? 

The present chapter intends to present, in outline, a calculus of propo- 
sitions which is based upon an entirely different meaning of “implies’”— 
one more in accord with the customary uses of that relation in inference 
and proof. We shall call it the system of Strict Implication. And we shall 
refer to Material Implication, meaning either the Two-Valued Algebra or 
the calculus of propositions as it appears in Principia Mathematica, since 
the logical import of these two systems is identical. It will appear that 
Strict Implication is neither a calculus of extensions, like Material Impli- 
cation and the Boole-Schréder Algebra, nor a calculus of intensions, like 
the unsuccessful systems of Lambert and Castillon. It includes relations 
of both types, but distinguishes them and shows their connections. Strict 
Implication contains Material Implication, as it appears in Principia 
Mathematica, as a partial-system, and it contains also a supplementary 
partial-system the relations of which are those of intension. 

The numerous questions concerning the exact significance of implication, 
and the ordinary or “proper” meaning of “implies”, will be discussed in 
Section V. 

It will be indicated how Strict Implication, by an extension to proposi- 
tional functions, gives a calculus of classes and class-concepts which exhibits 
their relations both in extension and in intension. In this, it provides the 


1 Various studies toward this system have appeared in Mind and the Journal of Phi- 
losophy (see Bibliography). But the complete system has not previously been printed. 
We here correct, also, certain errors of these earlier papers, most notably with reference to 
triadic ‘‘strict”’ relations. 

2 For further illustrations, see Chap. 1, Sect. 1, and Lewis, “Interesting Theorems in 
Symbolic Logic,” Jour. Philos., Psych., etc. x (1913), p. 289. 
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calculus of intensions, so often attempted before, so far as such a calculus 


is possible at all. 


I. Proirive Ipeas, Prowrrive Proposirions, AND IMMEDIATE CONSE- 
QUENCES 


The fundamental ideas of the system are similar to those of MacColl’s 
Symbolic Logic and its Applications. They are as follows: 

1. Propositions: p, q, 7, ete. 

2. Negation: -p, meaning “p is false”’. 

3. Impossibility: ~p, meaning “p is impossible”, or “It is impossible 
that p be true”’.’ 

4. The logical product: p xq or pq, meaning “p and g both”, or “p is 
true and q is true”. 

5. Equivalence: p = q, the defining relation. 

Systems previously developed, except MacColl’s, have only two truth- 
values, “true”? and “false”. The addition of the idea of impossibility 
_ gives us five truth-values, all of which are familiar logical ideas: 

Cy e pas trues. 

(2) -p, “pis false”’. 

(3) ~p, “pis impossible”’. 

(4) -~p, “It is false that p is impossible’’—i. e., “p is possible”’. 

(5) ~-p, “It is impossible that p be false” —i. e., “p is necessarily 
true”; 

Strictly, the last two should be written -(~p) and ~(-p): the parentheses 
are regularly omitted for typographical reasons. 

The reader need be at no pains to grasp -~p and ~=p as simple ideas: 
it is sufficient to understand -p and ~p, and to remember that each such 
prefix affects the letter as already modified by those nearer it. It should 
be noted that there are also more complex truth-values. --p is equivalent 
to p, as will be shown, but -~-p, ~- ~p, -~-~p, ete., are irreducible. 
We shall have occasion to make use of only one of these, -~ =p, “It is 
false that it is impossible that p be true”—i. e., “p is possibly false’’.4 
Kach one of these complex truth-values is a distinct and recognizable idea, 
though they are seldom needed in logic or in mathematics. 


5We here use a symbol, ~, which appears in Principia Mathematica with a different 
meaning. ‘The excuse for this is its typographical convenience. 

* MacColl uses a single symbol for -~p, “p is possibly true” and -~-p, “p is possibly 
false”’. 
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The dyadic relations of propositions can be defined in terms of these 
truth-values and the logical product, p g. 


1:01 Consistency. poq =-~(pq). Def. 


~(p q), “It is impossible that p and q both be true” would be “p and q 
are inconsistent”. Hence - ~(p q), “It is possible that p and q both be 
true’’, represents “p and q are consistent”’. 


1-02 Strict Implication. p3q = ~(p-q). Def. 

1:03 Material Implication. peg = -(p-q). Def. 
1-04 Strict Logical Sum. paq = ~(-p-q). Def. 

1:05 Material Logical Sum. p+q = -(-p-q). Def. 
1:06 Strict Equvalence. (p = q% = (p3qQ(q3>p).- Def. 


We here define the defining relation itself, because by this procedure we 
establish the connection between strict equivalence and strict implication. 
Also, this definition makes it possible to deduce expressions of the type, 
p = g—something which could not otherwise be done. But p = q re- 
mains a primitive idea as the idea that one set of symbols may be replaced 
by another. 

1:07 Material Equivalence. (p= q) = (peqgqecp). Def. 

These eight relations—the seven defined above and the primitive rela- 
tion, p g—divide into two sets. pg,pc¢q, p+q, and p = gare the relations 
which figure in any calculus of Material Implication. We shall refer to 
them as the “material relations”. pog, p3q, pag, and p = q involve 
the idea of impossibility, and do not belong to systems of Material Impli- 
We may anticipate a 


BI 


cation. These may be called the “strict relations”’. 
little and exhibit the analogy of these two sets, which results from the 
theorem 

~(pq) = (p09) 
shortly to be proved. 


Strict relations: Material relations: 
piq =-(p°-g) pcg = -(p-9) 
pag = -(-p 0-9) pt+q =-(-p-9) 
(p = q = -(p °-q) x-(q °-p) (p = q) = -(:p-@) x-(¢-D) 


> The “circularity” here belongs inevitably to logic. No mathematician hesitates to 
prove the equivalence of two propositions by showing that “Tf theorem A, then theorem B, 
and if theorem B, then theorem A”. But to do this he must already know that a reciprocal 
“se. then. . .” relation is equivalent to an equivalence. And the italicized “equivalent 
to’’ represents a relation which must be assumed. 
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The reader will, very likely, have some difficulty in distinguishing in meaning 
p3qfrom pcq paqfrom p+q. The above comparison may be of assist- 
ance in this connection, since it translates these relations in terms of p oq 
and pq. We shall be in no danger of confusing p oq, “p is consistent with 
q,” with pq, “p and q are both true”’. 

Both paqand p+q would be read “Either p or q”. But p aq denotes 
a necessary connection; p+q a merely factual one. Let p represent “To- 
day is Monday”, and g, “2+2=4”. Then p+q is true but paq is 
false. In point of fact, at least one of the two propositions, “Today is 
Monday” and “2 + 2 = 4”, is true; but there is no necessary connection 
between them. “Either... or...” is ambiguous in this respect. Ask 
the members of any company whether the proposition “Either today is 
Monday or 2 + 2 = 4” is true, and they will disagree. Some will confine 
“Hither ...or...’ to the paq meaning, others will make it include 
the p+q meaning; few, or none, will make the necessary distinction. 

Similarly, the difference between p = q and p = q is that p = q denotes 
an equivalence of logical import or meaning, while p = qg denotes simply 
an equivalence of truth-value. As was shown in Chapter II, p = q may be 
accurately rendered “p and g are both true or both false”. Here again, 
the strict relation, p = q, symbolizes a necessary connection; the material 
relation, p = q; a merely factual one. 

The postulates of the system are as follows: 


1-1 pq3qp 
If p and q are both true, then g and p are both true. 
1-2 qp3p 
If g and ~ are both true, then p is true. 
I:3 p3pp 
If p is true, then p is true and p is true. 
1:4 p(qr) 3q(pr) 


If p is true and q and r are both true, then q¢ is true and p and r are both 
true. 


1:5 p3-(-p) 
If p is true, then it is false that p is false. 
1-6 (p4g(q3n4(pan 
If p strictly implies q and q strictly implies 7, then p strictly implies r. 


The System of Strict Implication 295 


1:7 ~p3-p 

If it is impossible that p be true, then p is false. 
Too 03 Gera 3) 

“» strictly implies q” is equivalent to ‘ 
plies ‘p is impossible’”’. 


‘“q 1s impossible’ strictly im- 


The first six of these present no novelty except the relation 3. They 
do not, so far, distinguish this system from Material Implication. But, 
as we shall see shortly, the postulates 1-7 and 1-8 are principles of trans- 
formation; they operate upon the other postulates, and on themselves, 
and thus introduce the distinguishing characteristics of the system. Postu- 
late 1-7 is obvious enough. Postulate 1-8 is equivalent to the pair, 

(p39) 3(-~p3-~q) If p implies gq, then ‘p is possible’ implies 
“q is possible’. 
(~p3~q)3(-p3-q) If ‘p is impossible’ implies ‘gq is impossible’, 
then ‘p is false’ implies ‘gq is false’. 
These two propositions are more “self-evident” than the postulate, but 
they express exactly the same relations. 

(To eliminate parentheses, as far as possible, we make the convention 
that the sign =, unless in parentheses, takes precedence over any other 
relation; that 3 and c take precedence over A, +, 0, and x; that a 
and + take precedence over 0 and x; and that 3 takes precedence over 


<. Thus 
POr-p-7(2) coe. is) 1(p ¢) + (-p—9)| 3p <7) 
and pcqr=(peg(per) is [per] =[(peg(per)] 


However, where there is a possibility of confusion, we shall put in the 
parentheses.) 

The operations by which theorems are to be derived from the postulates 
are three: 

1. Substitutton.—Any proposition may be substituted for p or q or 7, 
etc. If p is a proposition, -p and ~p are propositions. If p and q are 
propositions, pq is a proposition. Also, of any pair of expressions related 
by =, either may be substituted for the other. 

2. Inference—If p is asserted and p3q is asserted, then q may be 
asserted. (Note that this operation is not assumed for material impli- 
cation, p ¢q.) 

3. Production.—If p and q are separately asserted, p q may be asserted. 

These are the only operations made use of in proof. 
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In order to make clearer the nature of the strict relations, and particu- 
larly strict implication, we shall wish to derive from the postulates their 
correlates in terms of strict relations. This can be done by the use of 
postulate 1-8 and its consequences, for by 1-8 a relation of two material 
relations can be transformed into a relation of the corresponding strict 
relations. But asa preliminary to exhibiting this analogy, we must prove a 
number of simple but fundamental theorems. These working principles 
will constitute the remainder of this section. 

The first theorem will be proved in full and the proof explained. The 
conventions exemplified in this proof are used throughout. 


221 epg 3p 
1:6 ipa/p; api/q; pir}: 1-11-23 pqsp) 


This proof may be read: “Proposition 1-6, when p q is substituted for p, 
qp for q, and p for r, states that propositions 1-1 and 1-2 together imply 
(pq3p)”. The number of the proposition which states any line of proof 
is given at the beginning of the line. Next, in braces, is indication of any 
substitutions to be made. “~p q/p” indicates that p q is to be substituted, 
in the proposition cited, for p; “p+q/r’” would indicate that p+gq was to 
be substituted for r, ete. Suppose we take proposition 1-6, which is 


(p3Q(q37) 3 (p37) 


and make the substitutions indicated by {pq/p; q p/p; p/r}. We then 
get 


(pas qpP)\(Yp3p)3(pq3p). 


This is the expression which follows the brace in the above proof. But 
since pqiqp is 1-1, and qgp3p is 1-2, we write 1-1%x1-2 instead of 
(pq3qp)(qprp). This calls attention to the fact that what precedes 
the main implication sign is the product of two previous propositions. 
Since 1-1 and 1-2 are separately asserted, their product may be asserted; 
and since this product may be asserted, what it implies—the theorem to be 
proved—may be asserted. The advantage of this way of writing the proofs 
is its extreme brevity. Yet anyone who wishes to reconstruct the demon- 
stration finds here everything essential. 


2-11 (p= 3(p3q) 


2-1 {p3q/p; ¢3 v/a}: (P3Q(q3 p) 3 (p3q) 
1-06: (p = q) = (p3Q(q3p) 
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2-12 (p= q)3(q3p) 
Similar proof, 1-2 instead of 2-1. 


2-2 (p49) 3 (~¢3 ~p) 


1-06: 1-8 = [(p 39) 3 (~¢3 ~p)][(~9 3 ~p) 3 (p3.9)] (1) 
BE t-5 (1,2 Q.6.D: 


In this last proof, we introduce further abbreviations of proof as follows: 
(1), or (2), ete., is placed after a lemma which has been established, and 
thereafter in the same proof we write (1), or (2), etc., instead of that lemma. 
Also, we shall frequently write “Q.E.D.”’ in the last line of proof instead 
of repeating the theorem to be proved. In the first line of this proof, the 
substitutions which it is necessary to make in order to get 


1-8 = [(p 3q) 3 (-¢3~p)ll(~¢ 3 ~p) 339) 


are not indicated because they are obvious. And in the second line, state- 
ment of the required substitutions is omitted for the same reason. Such 
abbreviations will be used frequently in later proofs. 

Theorem 2-2 is one of the implications contained in postulate 1-8. 
By the definition, 1-6, any strict equivalence may be replaced by a pair of 
strict implications. By postulate 1-2 and theorem 2-1, either of these 
implications may be taken separately. 


2-21 (~q3~p)3(p39q) 
1-2: [(1) in proof of 2-2] 3Q.E.D. 


This is the other implication contained in postulate 1-8. 


greg) 3 iG 4p) 


Let 2) 9) ha =p 3 =P 9 (1) 
2-2 {-q-p/p; -p-a/q}: (1) 3 [+p -9@) 3 ~(-¢-p)] (2) 
1-02: (2) = QED. 

2°4 pip 
1-2 {p/q}: pprp (1) 
(eGo x Co-ed. 

2-5 -(-p) 3p 
2-4 {-p/p}: -p3-p (1) 
2:3 {-p/q}: (1) 3Q.E.D. 


2-51 -(-p) =>: 
150632-5 <1-5.= QDs 
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2:6 (-p4-9) 3.(¢4 p) 
2-3 {-¢/q}: (-p3-@ 3[-C@) 3 pl 
2-51: (1) = QE.D. 

2-61 (p3-q) 3(q3-p) 
2°6 {-p/p™ [=(—p) 3-4) (4 —p) 
9-51; (1) = Q.E.D. 

2:62 (p3q)3(-G3-D) 
2-61 {-¢/¢}: [p3-(-@)] 3 (-¢34-p) 
2-51: (1) = QE.D. 

2-63 (p3q) = (-¢3-p) 
1-06: 2-62 x2-6 = Q.E.D. 

2:64 (p3-q) = (¢3-p) 
1:06: 2-61 x2-3 = QE.D. 


(1) 


(1) 


(1) 


Theorems 2-3, 2-6, 2-61, and 2-62 are the four forms of the familiar 
principle that an implication is converted by changing the sign of both 


terms. 
Beta 2O3 20) 3150.30) 
2-21 {p/q; q/p}: (~p 3 ~q) 3 (93D) 
2-62 {p/q; a/p}: (@3 p) 3 (-p 3-9) 
16:91). x (2) 3 QE. D: 
2-11 K-73 —¢) 4 (~p 3\~9) 
PHM COs et GL) 
2-2 {a/p; pig): (G3 Pp) 3 (~p 3 ~q) 
1-6: (1) x (2) 3Q.E.D. 
212 (-pi-g) = (~-p 3-9) 
1-06: 2-71 x2-7 = Q.ELD. 
BA Mae Tag Mindi We MU Me) 
‘7 {-p/p; -a/q}: (~ -p 3 ~ -q) 3[-(-p) 3-(-q)] 
-51: (1) = QED. 
2-73 (p39) 3(~-p3~~9) 
2-71 {-p/p; -¢/q}: [-(-p) 3-(-q)] 3 (~ -p 3 ~ 9) 
2-51: (1) = QED. 
2-731 (p3q) = (~-p3~~-9) 
1:06: 2-73 x2-72 = Q.E.D. 
2:44 (p39) 3 (= =p = Aq) 
2-62 {~q/p; ~p/q}: (~q 4 ~p) 4 (- ~p 3- ~q) 
1-6: 2-2x(1) 3Q.E.D. 


bo bo 


(1) 
(2) 


(1) 
(2) 


(1) 


(1) 


(1) 


The System of Strict Implication 299 


a ee ae tag) t\( 4.9) 


2-6 {~p/p; ~g/q}: (- ~p 3- ~g) 3 (~G 3 ~D) (1) 
1-6: (1) x2-213Q.E.D. 


PS AG Oia EIDE EN Ge Md 6 Kens) 
1-06: 2-74%2-75 = Q.E.D. 


2-77 (p3q) = (-~p3--g = (~-p3~-g = (-¢3-p) = (~¢3 ~p) 
21OX2-10l X2-03 %2* (12 = Q.E:D. 


“p implies q”’ is equivalent to “‘p is possible’ implies ‘q is possible’” is 


666 d 


equivalent to 


co6 


p is necessary’ implies ‘g is necessary’”’ is equivalent to 


5) NE} 666 


q is false’ implies ‘p is false’”’ is equivalent to “‘g is impossible’ implies 


“p is impossible’”’. 
2-6-2-77 are various principles for transforming a strict implication. 
These are all summed up in 2:77. The importance of this theorem will be 


illustrated shortly. 


2-38 pqa= gp 
D4) P3 29. Op 3p (1) 
1:06: 1-1x(1) = Q.E.D. 

2:81 p=pp 
1-2 {p/q}: ppp (1) 


1-06: 1-3x(1) = Q.E.D. 
2-9 p(qr) = (pr) 
ds Pd). 9@ ?). 3 pig r) (1) 
1:06: 1-4x(1) = Q.E.D. 
2-91 pqr) = (pQr 
2°82 plqr) = pl 9) 
2-9: pir gq) = r(p q) 
2:8: r(pq) = (pgr 


The above theorems constitute a preliminary set, sufficient to give 
briefly most further proofs. 


Il. Srrict RELATIONS AND MATERIAL RELATIONS 


We proceed now to exhibit a certain analogy between strict relations 
and material relations; between truths and falsities on the one hand and 
necessities, possibilities, and impossibilities on the other. This analogy 
runs all through the system: it is exemplified by 2-77. 
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DUP pid stigep 

If p and q are both true, then q 
and p are both true. 
Le 2g pip 

If g and = are both true, then p 
is true. 
1-3 p3ipp 

If p is true, then p and p are 
both true. 


AS p97) 30 or) 


SAL) Pogsgov 


If p and q are consistent, then ¢ 
and p are consistent. 
a:-12 gops—-p 

If g and p are consistent, then 
it is possible that p be true. 
3°13 --p3pop 

If it is possible that p be true, 
then p is consistent with itself. 


3:14 po(qr)3qo(pr) 


The correspondence exhibited in the last line seems incomplete. But 


we should note with care that while 


pyr) = gpr) = (pyr 


and any one of these may be read “~, q, and r are all true’ 
is not “p, gq, and r are all consistent”’. 


bd 


» po(gor) 
po(qgor) means “p is consistent 


with the proposition ‘g is consistent with r’”. Let p = “Today is Tues- 


days >) q = “Today is Lhursday 2; r=" Tomorrow marriday 


gor is true. 


And it happens to be Tuesday, so =p is true. 


Then 
Since p and 


q or are both true in this case, they must be consistent: po (gor) is true. 


But “p, g, and r are all consistent”’ is false. 
sistent with “Today is Thursday” and with 
Suppose we represent “p, g, and r are all consistent” by pogor. 
as a fact, poqor will not be equivalent to po(qor). 


have 


“Today is Tuesday” is incon- 
“Tomorrow is Friday’’. 
Then 
Instead, we shall 


poqgor=po(gr) =qo(pr) = (pgor 


“op, q, and r are all consistent” is equivalent to “p is consistent with the 


proposition ‘¢g and r are both true’”’, ete. 


definitions: 


3:01 pqr=p@qr). Def. 


3:02 poqor=po(q?r). Def. 


We may, then, add two new 


3:02 is typical of triadic, or polyadic, strict relations: when parentheses 
are introduced into them, the relation inside the parentheses degenerates 


into the corresponding material relation. 


In terms of the new notation of 


3:01 and 3-02, the last line of the above table would be 


(DOL VOLO 


poqorsqopor 


which exhibits the analogy more clearly. . 
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We must now prove the theorems in the right-hand column of the table 

3-11 pog3qop 
2-74 {q p/p; a p/q}: 1-13[-~(p q) 3-~(@p)] (1) 
ole ad) = Ord, 

3-12 qop3-~p 
2-74 tqp/p; p/q}: 1-23[-~(@ p) 3-~p] (1) 
1-01: GQ) = Q.E.D. 

3-13 --pipop 
2°74 {p p/p}: 1-33[-~p3-~(p p)] (Ga 
1-012 (1) =O. D. 

3:14 po(qr)3qoO(pr) 
2-74 {p(qr)/p; apr)/q}: 1-43- ~[p(qr)] 3- ~[¢(p7)] (1) 
1-012 (1) = Q.E.D. 


(In the above proof, the whole of what 1-4 is stated to imply should 
be enclosed in a brace. But in such cases, since no confusion will be oc- 
casioned thereby, we shall hereafter omit the brace.) 


3°15 po(gr) = (pq or =qgoO(pr) 

2-76: 2-9 4--[p(qr)] = - ~[¢(p n)] (1) 
2-76: 2-914--[p(qn)] = --[(p Or] (2) 
1-01: (2) x(1) = Q.E.D. 


An exactly similar analogy holds between the material logical sum, 
p+q, and the strict logical sum, p a q. 


3:21 ptqa3qtp 3:31 pAg3zqaD 

“At least one of the two, p and “Necessarily either p or q”’ im- 
q, is true” implies “At least one plies “ Necessarily either g or p”’. 
of the two, q and 7, is true”’. 
3°22 pipryg 3:32 ~-—pipag 

If p is true, then at least one of If p is necessarily true, then 
the two, p and gq, is true. necessarily either p or q is true. 
3:23 p+tp3p 3:33 pAp3~-p 

If at least one of the two, p and If necessarily either p is true or 
p, is true, then p is true. p is true, then 7: is necessarily true. 
3:24 pe(qtr)aqt (ptr) 3°34 pa(gtr) 3qa(ptr) 


As before, the analogy in the last line seems incomplete, and as before, 
it really is complete. And the explanation is similar. p+(q+r) and 
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q+(p+r) both mean “At least one of the three, p, g, and 7, is true”. But 
pA(qAr) would not mean “One of the three, p, g, and 7, is of necessity 
true’. Instead, it would mean “One of the two propositions, p and 
‘necessarily either g or r’, is necessarily true”. To distinguish p a (q +7) 
from pA(qAr) is rather difficult, and an illustration just now, before we 
have discussed the case of implication, would probably confuse the reader. 
We shall be content to appeal to his ‘intuition’ to confirm the fact that 
“Necessarily one of the three, p, g, and r, is true” is equivalent to “ Neces- 
sarily either p is true or one of the two, g and r, is true’’—and this last is 
pA(q+r). If we chose to make definitions here, similar to 3-01 and 3-02, 
they would be 
p+gqtr = pt(qtr) 
and paAqar = pa(qtr) 


Proof of the theorems in the above table is as follows: 


3°21 p+rqa3qtp 


1-1 {-g/p; -p/q}: -¢-p 3#-p -¢ (1) 
2-62: (1) 3-(-p-q) 3-(-¢ -p) (2) 
1705: e= OED: 

3:22 piptg 


Similar proof, using 1-2 in place of 1-1. 
3°23 prp3p 
Similar proof, using 1-3. 


3:24 p+(qtr)3qt (ptr) 


1-4 {-q/p; -p/q; -r/r}: -q(-p -r) 3 -p(-¢ -1) (1) 
2°62 (1) 3=[-p(-¢—r)] 3 -[-9(-7 =7)] (2) 
2-51: (2) = -i=p -[-(-q¢-1)]} 3-{-¢-[-Cp -)]} (3) 
1-05: (3) = p+-(-¢-r) 3q¢+-(-p-r) (4) 


1-05: 4) = Q.E.D. 

3°25 p+(qtr) = (ptgter=qt(ptr) 
Similar proof, using 2-9 and 2-91, and 1-06. 

3:31 DAGIGAP 
1-1 {-q/p; -p/q}: -¢-p 3-p -¢ (1) 
DEAL) a (=p =o) “(= =p) (2) 
1-04 (2) QED. 

3:32 ~-pipag 
Similar proof, using 1-2 in place of 1-1. 
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3:33 PAD3~-p 
Similar proof, using 1-3. 


3:34 pa(qtr3qa(p+tr) 


128 0) Dse Pigs 1/7} —9\— p71) 4 —p(—q 1) (1) 
Bee eo -plag 1) ~|—9(-pier) | (2) 
Pole? (9-8 )1} 4 =| -g [=p 7) (3) 
I 04S)" A-(—9-1) 4g A-(-p 7) (4) 
1-05: (4) = QED. 


3°35 pa(qtr) = (p+egar =qa(petr) 
Similar proof, using 2-9 and 2-91, and 1-06. 


Again, an exactly similar analogy holds between material implication, 


p cq, and strict implication, p 3 q. 
3-41 (peg) 3 (-¢-p) 

If p materially implies q, then ‘¢ 
is false’ materially implies ‘p is 
false’. 

3:42 -p3(pcq) 

If p is false, then p materially 

implies any proposition, q. 


3:43 (pc-p)3-p 
If p materially implies its own 
negation, then p is false. 


3:44 [pe(qen]3lae(pen)] 


2-62 (p39) 3 (-¢3-p) 
If p strictly implies q, then ‘gq is 
false’ strictly implies ‘p is false’. 


3-52 ~p4(p3q) 

If p is impossible (not self-con- 
sistent, absurd), then p strictly im- 
plies any proposition, q. 

3:03 (p3-p)3~p 

If p strictly implies its own nega- 
tion, then p is impossible (not self- 
consistent, absurd). 


3°54 [p4(ger)]3[¢3 er) 


The comparison of the last line presents peculiarities similar to those 


noted in previous tables. 


The significance of 3-54 is a matter which can 


be better discussed when we have derived other equivalents of p 3(q ¢7r). 
The matter will be taken up in detail further on. 
The theorems of this last table, like those in previous tables, are got 


by transforming the postulates 1-1, 1-2, 1-3, and 1-4. 


In consideration 


of the importance of this comparison of the two kinds of implication, we 
may add certain further theorems which are consequences of the above. 


3-45 pr(qcp) 
If p is true, then every proposi- 
tion, 7, materially implies p. 


3:05 ~=-p3(q3p) 

If p is necessarily true, then p is 
strictly implied by any proposi- 
tion, q. 
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3:46 (-pcp)3p 

If is materially implied by its 
own denial, then p is true. 
3:47 -(pcq) 3p 

If p does not materially imply 
any proposition, q, then p is true. 


3:48 -(pcqg) 3-9 
If p does not materially imply q, 
then q is false. 


3:56 (-p3p)3~-p 

If p is strictly implied by its own 
denial, then p is necessarily true. 
aL mlag Oi iP a Bea 

If p does not strictly imply any 
proposition, q, then p is possible 
(self-consistent). 
3°08" D3 G3 = ad 

If p does not strictly imply q, 
then p is possibly false (not neces- 
sarily true). 


Note that the main or asserted implication, which we have translated 


col eee ere time 


.”, is always a strict implication, in both columns. 


3-42 and 3-45-3-48 are among the best known of the “peculiar” the- 


orems in the system of Material Implication. 
logues in which the implication is strict deserve special attention. 
first note that ~ -p 3 (-p 3 p) is a special case of 3-55. 


us at once 


For this reason, their ana- 
Let us 
This and 3-56 give 


pels ae 


This defines the idea of “necessity”’. 


A necessarily true proposition— 


e. g. “I am’’, as conceived by Descartes—is one whose denial strictly 


implies it. 
with 3-46, gives 


Sunilarly, p3(-pe¢p) is a special case of 3-45. 


And this, 


p = (-pcp) 


A true proposition is one which is materially implied by its own denial. 


This point of comparison throws some light upon the two relations. 


The negative of a necessary proposition is impossible or absurd. 


~p3(p3-p) is a special case of 3-52. 


This, with 3-53, gives 


of EPA Ne Ho 2) 


And p3=p is equivalent to -(p 0p). 


Thus an impossible or absurd propo- 


sition is one which strictly implies its own denial and is not consistent 


with itself. 


Correspondingly, we get from 3-42 and 3-43 


=p C=) 


A false proposition is one which materially implies its own negation. 


It is obvious that material implication, as exhibited in these theorems, 
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is not the relation usually intended by “implies”, but it may be debated 
whether the corresponding properties of strict implication are altogether 
acceptable. We shall revert to this question later. At least, these propo- 
sitions serve to define more sharply the nature of the two relations. 

Proof of the above theorems is as follows: 


3-41 (peg) 3(-qCe-p) 


1-1 {p/q; -q/p}: -¢p3p-q (1) 
2-62: (1) 4-(p-q) 3-(-¢ p) (2) 
2-012 (2) = -(p-q) 3-|-¢ -(—p)| (3) 


TeV Sre (t=. Ces 

3:42 -p3(pcq) 
1-2 {p/q; -q/p}: p-gap (1) 
2-62: (1) 3-p 3-(p -q) (2) 
L-03; @) = Q.E.D. 

3:43 (pc-p)3-p 
Similar proof, using 1-3. 


3-44 pGgcr Agcpcr) 
U2 1G); Pid; Hr): ap =r) 3p 1) (1) 
2-62: (1) 3-[p(q -r)] 3 -lg(p -9)] (2 
2-51: (2) = -{p-[-(¢-7)l} 4-{¢--@ —))} (3) 
1-03: (8) = pe-(q-r) 3qg¢-(p-r) (4) 


1-03: (4)-= Q.E.D. 
3:45 p3(qcp) 


OA2 =O) pemd)g): (=p) 4(-p c=9) (1) 
3:41: (-p c-q) 3 [-(-q) ¢-(-p)] (2 
2-51: (2) = -p¢-q) 3p) (3) 
1-6: (1) x(3) $-(-p) 3 (qe p) (4) 
2-51: (4) = QED. 


3:46 (-pcp)3p 
BD aon ig) a7 Ga(—p)|/3 —(—p) (1) 
2-51: (1) = Q.E.D. 

3-47 -(pcq) 3p 
2-62 {=p/p; pcq/q}: 3-42 4-(p cq) 3-(-p) (1) 
2 Fin (=O. ED. 

3:48 -(pcq) 3-4 
3:45 {q/p; pig}: ¢3 (peg (1) 
9-62:.61) 3 O.8.D. 

21 
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3:52 ~p3(p3q) 
2-1 {-q/q}: p-93P (1) 
Wee OBE agvaled (=i) (2) 
1-02° (2)s= 0.E.D; 

3:53 (p3-p)3~p 
Similar proof, using 1-3. 

3:54 [p3(qer)]3lq3(per)] 


1-4 {q/p; p/q; -r/r}: q(p-r) 3 p(q-7) (1) 
1-8: (1) = ~[p(q-r)] 3 ~[¢(p -7)] (2) 
2-51: (2) = ~{p-[-(q-r)]} 3~{¢-1-( -7)]} (3) 
1,02:9(3)= (p3=(9 =") 3 ig 3-(p 7) (4) 


15-03% 4)e=Q° ED: 

3:55 ~-p3(q3>P) 
3:52 {-p/p; -g/q}: ~-p 3 Cp 3-49) (1) 
2-6: (-p 3-9) 393) (2) 
Tis620 L)xi(2)3 OTD: 

op OM a TiSi0) aa) 
B32 4cPiD). [Sa ip) 14 ap (1) 
Deol owl G.be Ds 

3:57 -(p3q3-~p 
2-62: 3-523Q.E.D. 

J) Omen (0.3 at md 
2-62: 3-55 3 Q.E.D. 

The presence of this extended analogy between material relations and 
strict relations in the system enables us to present the total character of 
the system with reference to the principles of transformation, 1-7 and 1-8, 
in brief and systematic form. This will be the topic of the next section. 


Ill. Tue TRANSFORMATION {-/~} 


We have not, so far, considered any consequences of postulate 1-7, 


d 


~p3-p, “If p is impossible, then p is false”. They are rather obvious. 
4:1 ~-p3pD 
NE red et Noel RACY) (1) 
Dll jobe. Tayo W ay 
If p is necessary, then p is true. 
4:12 p3t-~-p 
2:61 {~p/p; p/q}: 1-73 Q.E.D. 
If p is true, then p is possible. 
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4:13 ~-p3-~p 
1-6: 4-1 x*4-123Q.E.D. 

If p is necessary, then p is possible. 

4:14 pqipog 
4:12 {pq/p}: pq3-~(pq) (1) 
1 OlesC)e=. QED: 

4:15 (p3q)3(pcq) 
Wie D0) P) (Pp —9) 3 -( —9) (1) 
02 (0g) 0) (2) 
1-032 (2 )e= QD: 

4:16 paqiptg 
Vue 7-0) e~\—p—¢) 3 —(—D 0) (1) 
p02 pip Ad 3-(—p 0) (2) 
oO (= Q.1): 

4:17 -(poq)3-(pq) 
2-62: 4-14 = Q.E.D. 

By virtue of theorem 4-15, any strict implication which is asserted— 
i. e., is the main relation in the proposition—may be replaced by a material 
implication. And by 4-16, any strict logical sum, a, which should be 
asserted, may be reduced to the corresponding material relation, +. The 
case of the strict relation “consistent with’’, 0, is a little different. It 
follows from 4-17 that for every theorem in the main relation o is denied, 
that is, -(... 0...), there is an exactly similar theorem in which the main 
relation is that of the logical product, that is, -(...*...). 

It is our immediate object to show that for every strict relation which is 
assertable in the system, the corresponding material relation is also assert- 
able. It is, then, important to know how these various relations are present 
in the system. The only relations so far asserted in any proposition are 
3 and =. Since = is expressible in terms of 3, we may take 34 as the 
fundamental relation and compare the others with it. 

4:21 p3q=-pagq 
1:02: p3q = ~(p-q) (1) 
2-51: (1) = p3q = ~[+(-p) -q] (2) 
1-04: (2) = Q.E.D. 

4-22 paq=-p3q 
gee Dip pt = (=p) Ag (1) 
2-51:41), = @.E.D. 
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For every postulate and theorem in which the asserted relation is 3, 
there is a corresponding theorem in which the asserted relation is ”, and 
vice versa. 

Consider the analogous relations, ¢ and +. 

4:23 pcoq=-pt¢ 
1-03: peg = -(p-9q) (1) 
ASW ON Gi foe tH) lt) (2) 
1-015) = QED: 

4:24 p+q=-pcg 
4:23 {-p/p}: -pcq = -(-p) +9 (i) 
Zod Cb) —=.Q). EAD: 

For every theorem in which the asserted relation is ¢, there is a corre- 
sponding theorem in which the asserted relation is +, and vice versa. 

The exact parallelism between 4-21 and 4-23, 4-22 and 4-24, corrob- 
orates what 4-16 tells us: that wherever the relation ¢ is asserted, the 
corresponding material relation, +, may be asserted. 

4:25 piq=-(po-g) 
TOS pa Sent = d) (1) 
20ers ge |= -(p —9)| (2) 
1-0b: @) = QE. D- 

4:26 pog=-(p3-q) 


ADO 3g) 9) 3 0) =| 0 —\—9) (1) 
2°51: (1) = p3-q¢q = -(p og) (2) 
2-11: (2) 3 (p3-q) 3-(p 909g) (3) 
2-12: (2) 3-(p 09) 3 (p 3-9) (4) 
2:3: (3) 3p0q3-(p 3-9) (5) 
2:61: (4) 3-(p3-q) 3poq (6) 
L063 (5) * (6) =O) De 


For every postulate and theorem in which the relation 3 is asserted, 
there is a corresponding theorem in which the main relation is 0 but this 
relation is denied: and for every possible theorem in which the relation o 
is asserted, there will be a corresponding theorem in which the main relation 
is 3 but that relation is denied. © and 3 are connected by negation. 

An exactly similar relation holds between pq and p <q. 


1:03 pogq = -(p-q) 


4:27 pq =-(pe-q) 
Proof similar to that of 4-26, using 1-03 in place of 1-02. 
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The parallelism here corroborates 4-17: for every possible theorem in 
which the relation o is denied, there is a theorem in which the corre- 
sponding logical product is denied. But the implications of 4-1-4-17 are 
not reversible, and a theorem in which the relation o is asserted does not 
give a theorem in which any material relation is asserted. To put it another 
way: of ~-p, p, and - ~p, the weakest is - ~p and it cannot be further 
reduced. But the truth-value of any consistency is [- ~]—p 0g = ~-(pq). 

The reduction of = to the corresponding material relation, =, is obvious. 


4:28 Hypothesis: p = g. To prove: p = 4g. 


2-11: Hyp. 3(p 34) (1) 
2-12: Hyp. 3 (¢3 7) (2) 
4-15: 1) 3(cq) (3) 
4-15: (2) 3(qcp) (4) 


1-07: (3) x(4) = (p=@ 

For every theorem in which the relation = is asserted, there is a cor 
responding theorem in which the relation = is asserted. 

We have now shown at length that, confining attention to the main 
relations in theorems, there are two sets of strict relations which appear 
in the system: (1) relations =, 3, and a which are asserted, and relations 

o which are denied; (2) relations o which are asserted, and relations 
=, 3,and a which are denied. Wherever a relation of the first described 
set appears, it may be replaced by the corresponding material relation. 
Any relation of the second set will be equivalent to some relation o which 
is asserted—its truth-value will be [- ~]. Such relations cannot be further 
reduced; they do not give a corresponding material relation. But under 
what circumstances will relations of this second sort appear? Examination 
of the postulates will show that they can occur as the main relation in the- 
orems only through some use of 1-7 and its consequences, for example, 
pq3p°q, p3-~p, and ~-p3-~p. In other words, they can occur only 
where the corresponding material relation is already present in the system. 
Hence for every theorem in the system in which a relation of the type 
p og is asserted, there is a theorem in which the corresponding material 
relation, p q, is asserted. 

Consequently, for every theorem in the system in which the main relation 
is strict there is an exactly similar theorem in which the main relation is the 
corresponding material relation. 

Wherever strict relations appear as subordinate, or unasserted, relations 
in theorems, the situation is quite similar. These are reducible to the 
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corresponding material relations through some use of 1-8 and its conse- 
quences. Note particularly theorem 2-77, 
(410) = (—~p 4 — 0) =~ wd) ee 
The truth-value of any strict relation will, by its definition, be [~] or [~ -] 
or [- ~].. And where two such are connected by 3 or any equivalent rela- 
tion, they may be replaced by the corresponding relation whose truth-value 
is simply positive or is [-]—and this is always a material relation. 
We may now illustrate this reduction of subordinate strict relations: 
4:3 [(p3q)3(r73s8)]3[(peg 3(r¢3s)] 
2-7 {p -q/p; r -s/q}: [~(p -@) 3 ~(r -8)] 3 [--g 3-(r-8)] =) 
1-02: () =1@ 34) 3 G39) 3[-(-@) 2-8) (2) 
1-03: 2), = Q.E.D: 

4-31 [pag 3(ras)]3l(p+q 3(r+5)] 
Similar proof, (-p -q) in place of (p -q), ete. 

4-32 [(pog) 3(ros)]3[(pq 3(78)] 
2-75 {pq/p; rs/q}: [-~(p @) 3-~(rs)] 31g 3(r8)] (1) 
1-01 :2G) =" QE.) 

4-33 [(p3q) 3(r3s)]3l(pe®@ c(res)] 
4-15: [(peg) 3(res)] 3[(peg c(rcs)] (1) 
1-6: 4-3 x (1) 3Q.E.D. 

4:34 [(pag 3(ras)] 3l(pt+q c(rts)] 
Similar proof, using 4-31 in place of 4:3. 

4-35 [(pogq) 3(ros)]3[(pq) <(r8)] 
Similar proof, using 4-32. 

Note that as a subordinate relation, p oq reduces directly. 

In theorems 4-3-4-32, postulate 1-8 only has been used, and the reduc- 
tion of strict relations to material relations is incomplete. In theorems 
4-33-4-35, postulates 1-8 and 1-7 have both been used, and the reduction 
is complete. In these theorems, dyads of dyads are dealt with. The 
reduction extends to dyads of dyads of dyads, and soon. We may illustrate 
this by a single example which is typical. 

Hypothesis: [(p 39) 3 (-p aq] 3l(p 0-q) 3-(p3q)] 
To prove: [(p eq) ¢(-p+Q] ¢l(p-g) ¢-(p eq] 

(The hypothesis is true, though it has not been proved.) 

2-71 (p -q/p; p -4/q) :[-(p -@) 3-(@-q)] 3 [~(p-g) 4~(P-g1 2) 
1-02, 1-03, 1-04, 1:05, and 2-51: 
(1) = [weg 3Cpt+Q]3[P393Cpaq] (2) 
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1-6: (2) xHyp.3[(p ¢q) 3 (-p+ 9) 3[(p 0-9) 3-(p3 9) (3) 
2-72 tp -q/p; p-9/qh:|- ~(p -g) 3- ~(p-g] al(p-—) 3 (p-) (4) 
1-01, 1-02, 1-03, and 2-51: 

(4) = [(p 0-9) 3-(p3 gl 3[p-g) 4-(peg] (5) 
1-6: (8) x(5) 3[(peg) 3 -p+Q]3[(p-@ 3-(p¢9Q)] (6) 
4-33: (6) 3Q.E.D. 

In any theorem in which ~p is related to ~q, or - ~p to - ~q, or ~ —p to 
~-q, ~ may be replaced by -. This follows immediately from 2-77. We 
illustrate briefly the reduction in those cases in which ~r, or - ~r, or ~ 7, 
is related to p Og, or pAq, or p34. 

4-36 (poq3--~r)3(pq3r) 


2°75 ip g/p; r/q}: [- ~(p @) 3~r] 3 (p37) (1) 
1-01: 1) = (poq3--~r) 3(pq3r) (2) 
4-15: (pq3r)3(pqer) (3) 


1-6: (2) x(8) 3Q.E.D. 
4:37 (paq3~r)3(p+qce-r) 


BE iit 8 2G) 8 el pnre eral) oe) chal (1) 
4-15: [-(-p -q) 3-1] 3 [-(-p -9) ¢=7] (2) 
DG x 2) (=p 0) 4 or) 3 tip —9) Cr (3) 


1-04 and 1-05: (3) = QE.D. 


A dyad of triadic strict relations, e. g.. po(qr)3qo0(pr), reduces 
just like a dyad of dyads, because a triadic strict relation is a dyadic strict 
relation—with a dyadic material relation for one member. But a triad 
of dyadic strict relations behaves quite differently. Such is postulate 1-6, 


(p3Q(q37) 3 (p37) 


This does not look like a strict triad, but it is, being equivalent to 
(p39) 3137) cp 37) 


which obviously has the character of strict triads generally. The sub- 
ordinate relations in such a triad cannot be reduced by any direct use of 
1-8 and its consequences. However, all such relations can be reduced. 
The method will be illustrated shortly by deriving 


(peg)(qer) ¢ (per) 
from the above. 
What strict relations, then, cannot be reduced to the corresponding 
material relations? The case of asserted relations has already been dis- 
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cussed. For subordinate relations, the question admits of a surprisingly 
simple answer. All the relations of the system can be expressed in terms 
of some product and the various truth values—the truth values of ~ -p, p, 


-~p,-p, and ~p. Let us remind ourselves: 


pog=-~(Pg” pq=--Pp®” 
pig =-~(p-9q) pcg =-(p-q 
pag = ~(-p-@ p+q = -(-p-q) 


The difference between the truth-value of p and that of -p, between ~p 
and ~ -p, between - ~p and - ~ -p, does not affect reduction, because ~ -p 
can be regarded as ~-(p) or as ~(-p); -~-p as -~-(p) or as - ~(-p); 
and p is also -(-p). Hence we may group the various types of expression 
which can appear in the system under three heads, according to truth-value: 


[~] or [~-] Deore =| [= ~) ort aon] 
pr4q pcg 
BSE p= 
pAq prgq 
Pg pog 
-(poq) (9d) 
= (pied) -(paq) 
-(p=q) -(p = q) 
-(peq) -(p3q) 
~p me es 
oe) 7) -~p 


In this table, the letters are quite indifferent: replacing either letter by 
any other letter, or by a negative, or by any relation, throughout the table, 
gives a valid result. The blank spaces in the table could also be filled; 
for example, the first line in the third column would be - ~-(p-q). But, 
as the example indicates, the missing expressions are more complex than 
any which are given, and possess little interest. The significance of the 
table is this: If, in any theorem, two expressions which belong in the same 
column of this table are connected, then these expressions may be reduced by 
postulate 1-8 and its consequences. For, by 2-77, a relation of any two in 
the same column gives the corresponding relation of the corresponding two 
in either of the other columns. But any theorem which relates expressions 
which belong in different columns of this table is not thus reducible, since 
any such difference of truth-value is ineradicable. This table also sum- 
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marizes the consequences of postulate 1-7: any expression in the table 
gives the expression on the same line with it and in the next column to the 
right. It follows that expressions in the column to the left also give the 
expressions on the same line in the column to the right, since 3 is transitive. 

Just as postulate 1-7 is the only source of asserted strict relations 
which are not replaceable by the corresponding material relations, so also 
the only theorems containing irreducible subordinate relations are con- 
sequences of 1-7. For this postulate is the only one in which different 
truth-values are related, and is the only assumed principle by which an 
asserted (or denied) truth-value can be altered. But if we simply substi- 
tute - for ~ in 1-7, it becomes the truism, -p3-p. As a consequence, for 
every proposition in the system which contains strict relations or the truth- 
values, [~], [~ -], |- ~], or [- ~ -], in any form, in such wise that these truth- 
values cannot be reduced to the simple negative, [-], or the simple positive 
(the truth-value of p), by the use 1-8, the theorem which results if we 
simply substitute - for ~ in that proposition is a valid theorem. Or, to 
put it more clearly, if less accurately; if any theorem involve [~], explicitly 
or implicitly, in such wise that it cannot be reduced to [-] by the use of 1-8, 
still the result of substituting ~ for -is valid. For example, 4-13, ~-p 3-~ p, 
cannot be reduced by 1:8; ~-p and - ~p are irreducibly different. truth- 
values. But substituting - for ~, we have -(-p) 3-(-p), and hence -(-p) 
c-(-p), or pcp. Propositions such as the pair ~-p3-~p and -(-p) 
c-(-p) may be called “pseudo-analogues”’. If we reduce completely, so 
far as possible, all the propositions which involve [~] or strict relations, by 
the use of 1-7 and 1-8 and their consequences, and then take the pseudo- 
analogues of the remaining propositions, we shall find such pseudo-analogues 
redundant. They will all of them already be present as true analogues of 
propositions which are completely reducible. This transformation by 
means of postulates 1-7 and 1-8, by which strict relations give the cor- 
responding material relations, may be represented by the substitution 
scheme 


pcg, p= gq, -(pq, p+rg, —p, 2p, ~(p) 
P 3% P ras Ys -(poq), PAY, ~~); a Ps -(- ~p) 


f 
( 


—_—/~ 


We put -(p oq) and -(p q), -(- ~p) and -(p), because p og as a main rela- 
tion in theorems is reducible only when it is denied, and - ~p is reducible 
only through its negative. As we have now shown (except for triads of 
dyads, the reduction of which is still to be illustrated), propositions involving 
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expressions below the line are still valid when the corresponding expressions 
above the line are substituted. 

The transformation by {-/~} of all the assumptions and theorems of the 
system of Strict Implication which can be thus completely reduced, and the 
rejection of remaining propositions which involve expressions below the line 
(or the substitution for them of their pseudo-analogues), gives precisely the 
system of Material Implication. 

All the postulates and theorems of Material Implication can be derived 
from the postulates and definitions of Strict Implication: the system of 
Strict Implication contains the system of Material Implication. We may 
further illustrate this fact by deriving from previous propositions the 
postulates and definitions of the calculus of elementary propositions as 


it appears in Principia Mathematica.’ 


pcy=-ptg (Principia, *1-01) 

is theorem 4:23. 

4:41 pq=-(-pt+-@ (Principia, *3-01) 
UPS) FS a ON A oa Pa alee ET) (1) 
PETSLNG ACD) ie eat ant al 2p (2) 
2709 32) = ia(=p + 9a l(a) (3) 
Zoe (3 )e—s GQ)... 

(p=) = (pega?) (Principia, *4-01) 

is the definition, 1-07. 

4-42 p+pecp (Principia, *1-2) 
3:23: p+p rp (1) 
4-15: (1) 4Q.E.D. 

4-43 qeptyg (Principia, *1-3) 
ESSE) OS CFG ian eat (1) 
a0 lia 1) 3 /q 4 =(=7 =9) (2) 
1:05: (2) =q3ptq (3) 
4-15: (3) 4Q.E.D. 

4:44 p+qcqtp (Principia, *1-4) 
3:21: ptrqrqtp (1) 
4-15: (1)4QE.D. 

4-45 p+(qgtr) cqt(ptr) (Principia, *1-5) 
3°24: p+ (qtr) 3qt(ptr) G8) 


4-15: (1) 3Q.E.D. 
§ Pp. 98-101, 114, 120. 
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For the proof of the last postulate in the set in Principia Mathematica 
certain lemmas are needed which are of interest on their own account. 


4-51 pcr = pcg cr) =—¢ cp cr) 


1-03 {pq/p; t/q}: pager =-[(pq -7) (1) 
2-91 and 2-9: (1) = pger =-[p(q-r)] = Aes (2) 
2-017 Zy= pqer = -(p-|-(g-r)]} = -(¢-[-@—1)]} (3) 


1208 S5(5)e—1 QO. ED: 
4-52 pq3r=p3(qer =¢q3(penr) 
1-02 {pq/p; r/q}: pq3r = -[(pq) -*] 
Remainder of proof, similar to the above. 
4-53 [(peqgpl34q 
2-4 {pcgq/p}: (peg 3(peg) (1) 
4-52 {pcq/p; p/q; g/r}: (1) = Q.E.D. 


It is an immediate consequence of 4-53 that “If p is asserted and p cq 
is asserted, then q may be asserted”’, for, by our assumptions, if p is asserted 
and p ¢ ¢is asserted, then [(p ¢q)p] may be asserted. And if this is asserted, 
then by 4-53 and our operation of “inference”’, g can be asserted. But 
note that the relation which validates the assertion of q is the relation 3 in 
the theorem. This principle, deduced from 4-53, is required in the system 
of Material Implication (see Principia, *1-1 and *1-11). 


4-54 (~pc~q) 3(¢ep) 
Age 2-21 30. E.D. 


4-55 (p3q)3(precqr) 


POs it) a3 ¢) (73 P39 3) 1) (1) 
4-52: (1) = (p39) 31@3-7) ¢(p 3-7) (2 
1:02 and 2-51: (2) = (p3q) 3[-(q") c~(pn)] (3) 
4.54: ~(qr) c~(pr) 3(preqnr) (4) 


1:6: (3) x (4) 3Q.E.D 

4:56 (pcq c(prcgr) 

55 {(p cq)p/p}: 4:53 3[(pegplregr (1) 

2-91: (b= lire gipricgr (2 
A=pla—a) = C).7.D. 

4-57 pcoq=-qc-p 
4-3: 2-623 (p cq) 3 (-¢ €-p) (1) 
4-3: 2-63 (-qe-p) 3(pcq (2) 
150651) x (2) = @.E.D- 


316 A Survey of Symbolic Logic 


4-58 (peg(qer) c(per) 


4-56 {-r/r}: (pcg) c(p-rcqg-r) (1) 
4-57: (1) = (peg cl-(y-7) ¢-(p-7)] (2) 
1-03: (2) = (peg el(ger) ¢(per)] (3) 


4-517 (3). QED: 

4-58 is the analogue, in terms of material relations, of 1-6. The method 
by which we pass from 1-6 to 4-58 illustrates the reduction of triads of 
strict dyads in general. This reduction begins in the first line of the proof 
of 4-55. Here 1-6 is put in the form 


(p3q) 3[(¢37r) ¢(p37)] 
eo ee es 


The relation numbered 4 is already a material relation. This is character- 
istic of strict triads. Relations 3 and 5 are reduced together by some 
consequence of 1-8, in a form in which the asserted relation is material. 
Then, as in 4-56, relations 1 and 2 are reduced together by the use of 4-53 
as a premise. This use of 4-53 is quite puzzling at first, but will become 
clearer if we remember its consequence, “If pis asserted and p ¢q is asserted, 
then g may be asserted”. This method, or some obvious modification of it, 
applies to the reduction of any triad of strict dyads which the system gives. 
We can now prove the last postulate for Material Implication. 


4:59 (ger) c[(p+q c(ptr)] (Principia, *1-6) 
4-58 {-p/p}: (-pcg)(qer) ¢(-per) (1) 
451; (1) = (ger) cl(-p eg) c {=p cr)| (2) 


NXE (Oo MI DY 


These are a sufficient set of symbolic postulates for Material Impli- 
cation, as the development of that system from them, in Principia Mathe- 
matica, demonstrates. However, in the system of Strict Implication, those 
theorems which belong also to Material Implication are not necessarily 
derived from the above set of postulates. They can be so derived, but the 
transformation {-/~} produces them, more simply and directly, from their 
analogues in terms of strict relations. 


IV. ExtTEnsions or Srrict Imertication. THe Catcutus or Consist- 
ENCIES AND THE CALCULUS OF ORDINARY INFERENCE 


From the symmetrical character of postulate 1-8, and from the fact 
that postulate 1-7 is converted by negating both members, i. e., p 3- ~p, 
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it follows that, since the transformation {-/~} is possible, an opposite 
transformation, {~/-}, is possible. And since implications are reversed 
by negating both members, those expressions which are transformed directly 
by {-/~} will be transformed through their negatives by {~/-}, while those 
expressions which are transformed through their negatives by {-/~} will 
be transformed directly by {~/-}. Hence we have 


5 AOS 2 Db IMs CESS GIN ele 2! 
-(pcq), -p=Q, py -(pt+O|-(Cp), -(p), Pp 


ies 


This substitution scheme may be verified by reference to the table on 
page 312. The transformation {-/~} represents the fact that expressions 
in the column to the left, in this table, give expressions in the middle column: 
{~/-} represents the fact that expressions in the middle column give ex- 
pressions in the column to the right. {-/~} eliminated strict relations: 
{~/-} eliminates material relations. As in the previous case, so here, a 
dyad of dyadic relations, or a relation connected with p, -p, ~p, etc., can 
be transformed by 1-8 and its consequences when and only when the 
connected expressions appear in the same column of that table. Thus the 
transformation {~/-} is subject to the same sort of limitation as is {-/-*}. 

The transformation {~/-}, eliminating material relations, has already 
been illustrated in those tables in Section II, in which theorems in terms of 
strict relations were compared with analogous propositions in terms of 
material relations. Theorems in the right-hand column of those tables 
result from those in the left-hand column by the transformation {~/-}. 
lite proots O15 10, 5-12, o° lo, o-14,.0°ol, Soe, o'c, 0°04, 0°02, 0°00; 
and 3-55 indicate the method of this transformation. Theorem 3-54 indi- 
cates a limitation of it. As we have noted, triadic strict relations are not 
expressible in terms of strict dyads alone. Consequently, in the case of 
triadic relations, the transformation {~/-} cannot be completely carried 
out. This is an important limitation, since postulate 1-6, which is necessary 
for any generality of proof, is a triadic strict relation. It means that any 
system of logic in which there are no material relations cannot symbolize 
its own operations. Since strict relations are the relations of intension, 
this is an important observation about calculuses of intension in general. 

The vertical line in the substitution scheme is to indicate that the 
transformation {~/-} is arbitrarily considered to be complete when no 
material relations remain in the expression. p and -p will be transformed 
when connected with a material relation which is transformed; when not 
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so connected, p and -p remain. They could be transformed in all cases, 
but the result is needlessly complex and not instructive. 

The system, or partial-system, which results from the transformation 
{~/-} may be called the Calculus of Consistencies. It can be generated 
independently by the following assumptions: 


Let the primitive ideas be: (1) propositions, p, q, 7, etc., (2) -p, (3) ~p, 
(4) poy, (5) p=4%. 
Let the other strict relations be defined: 
LPs =p 0=9)s 
Wh DEM AO) 
For postulates assume: 
Ill. poqg3qop 
IV. qop3-~p 
V. --p3pop 
VISE = (=p) 


Assume the operations of “Substitution” and “ Inference’ 


b] 


as before, 
but in place of “Production” put the following: If p 3 q is asserted and q 3r 
is asserted, then p 37 may be asserted. By this principle, proof is possible 
without the introduction into the postulates of triadic relations. 

The system generated by these assumptions is purely a calculus of 
intensions. It is the same which would result from performing the trans- 
formation {~/-} upon all the propositions of Strict Implication which 
admit of it, and rejecting any which still contain expressions, other than p 
and -p, below the line. It contains, amongst others, all those theorems 
concerning strict relations (except the triadic ones) which were exhibited 
in Section II in comparison with analogous propositions concerning material 
relations. 

More interest attaches to another partial-system contained in Strict 
Implication. If our aim be to create a workable calculus of deductive 
inference, we shall need to retain the relation of the logical product, p q, 
but material implication, p ¢q, and probably also the material sum, p+ q, 
may be rejected as not sufficiently useful to be worth complicating the 
system with. The ideas of possibility and impossibility also are unnecessary 
complications. Such a system may be called the Calculus of Ordinary 
Inference. The following assumptions are sufficient for it. 
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Primitive Ideas: (1) Propositions, p, q, 7, etc., (2) -p, (3) p3q, (4) pq, 
(5) p = 4. 
Definitions: 
A. paq=-p3q 
Ber. 0.0r—=t—(pi2 4) 
C. @=49) = (P3942) 
[D. p+q =-(-p-q] Optional. 
Postulates: 
E. (-p39) 3-93?) 
FP. pq3p 
G. pipp 
H. p(qr) 4q(pr) 
eo 3-2) 
J. (p3Q(q37) 3 (p37) 
K. pqipogq 
L. (pq3rs) = (pog3ros) 


All of these assumptions are propositions of the system of Strict Impli- 
cation. A. is 4:22, B. is 4-26, C. is 1-06, and D. is 1-05; E. is 2-3, F. is 
27 ie Geis (23,1, is 14, [is 1-5, J: is 1-06, Ke is 4-26, and Lois an im- 
mediate consequence of 4:32 and 4:35. The Calculus of Ordinary Inference 
is, then, contained in the system of Strict Implication. It consists of all 
those propositions of Strict Implication which do not involve the relation 
of material implication, pcg [or the material logical sum, p+q]. But 
where, in Strict Implication, we have ~p, we shall have, in the Calculus of 
Ordinary Inference, -(pop) or p3-p. Similarly ~-p will be replaced 
by -(-p o-p) or -p3p, and -~p by pop or -(p3-p). In other words, 
for ‘p is impossible’ we shall have ‘p is not self-consistent’ or ‘p implies 
its own negation’; for ‘p is necessary’ we shall have ‘the negation of p is 
not self-consistent’ or ‘the negation of p implies p’; and for ‘p is -possible’ 
we shall have ‘p is self-consistent’ or ‘p does not imply its own negation’. 

The Calculus of Ordinary Inference contains the analogues, in terms of 
pq paq, and pq, of all those theorems of Material Implication which 
are applicable to deductive inference. It does not contain the useless and 
doubtful theorems such as “A false proposition implies any proposition”’, 
and “A true proposition is implied by any proposition”. As a working 
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system of symbolic logic, it is superior to Material Implication in this 
respect, and also in that it contains the useful relation of consistency, p © q. 
On the other hand, it avoids that complexity which may be considered an 
objectionable feature of Strict Implication. 


The system of Strict Implication admits of extension to propositional 
functions by methods such as those exhibited in the last chapter. For 
the working out of this extension, several modifications of this method are 
desirable, but, for the sake of brevity, we shall adhere to the procedure 
which is already familiar so far as possible. In view of this, the outline 
to be given here should be taken as indicative of the general method and 
results and not as a theoretically adequate account. Since, as we have 
demonstrated, the system of Material Implication is contained in Strict 
Implication, It follows that, with suitable definitions of Ilgr and ez, 
the whole theory of propositional functions, as previously developed, may 
be derived from Strict Implication. UWgz will here be interpreted more 


¢ ‘ 


explicitly than before, “ ev is true in all (actual) cases,”’ or “ gx is true of 
every v which ‘exists’”. And D¢v will mean “ gz is true in some (actual) 
case’’, or “There ‘exists’ at least one x for which gv is true”. The novelty 
of the calculus of propositional functions, as derived from Strict Implica- 
tion, will come from the presence, in that system, of ~p, - ~p, ~ -p, and the 
strict relations. We might expect that if gx is a propositional function, 
~¢x would be a propositional function. But such is not the case: ~ gr isa 
proposition. For example, “It is impossible that ‘a is a man but not 
mortal’’’ is a proposition although it contains a variable. So is “‘ Nothing 
can be both A and not-A”’, which predicates the impossibility of “x is A 
and x is not-A’’. It would be an error to suppose that all the propositions 
which contain variables are such because they involve the idea of impossi- 
bility, or necessity, but the most notable examples, the laws of mathe- 
matics, are propositions, and not propositional functions, for precisely this 
reason. When stated in the accurate hypothetical form—i. e., as the 
implications of certain assumptions—they are necessary truths. 

Since ~¢v is a proposition, - ~ gx, ~-¢x, and all the strict relations of 
propositional functions will be propositions. If gx and ya are propositional 
functions, then 


gx 0 wx is the proposition - ~( gx x ya); 
gx A yx is the proposition ~(- gx x-yz); 
gv 3px is the proposition ~( gx x-yz) 
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We shall have the law, ~gx3II-gz, “If gx is impossible, then it is 
false in all cases”. Hence also, Sga3-~gx, “If gx is sometimes true, 
then gz is possible”. The first of these gives us one most important con- 
sequence, 

(gu 3 yx) 3 TL,( er ¢ ya) 


“Tf it is impossible that ga be true and ye false, then in no (actual) case 
is ga true but ya false”, or “If ga strictly implies yx, then gx formally 
implies yx”. This connects the novel theorems of this theory of propo- 
sitional functions with the better known propositions which result from 
the extension of Material Implication. Similarly we shall have 


(gu A wa) 3 II,( eu + yx) 
and D( ex x px) 3 (ex 0 Ya) 


If we use 2(¢z) to denote the class determined by g¢z, that is, the class 
of all x’s such that ¢w is true, then we derive the logic of classes from this 
calculus of propositional functions, by the same general type of procedure 
as that exhibited in Section III of Chapter IV. If we let a = 8(¢2), 
B = &(wz), the definitions of this calculus will be as follows: 

Cee -a) = oly 
“+ is a member of the class a, determined by the function gz’ means 
“ ox, 18 true’’. 

(a3 8) = (gx 3 yn) 

(ac B) = I,(¢gxc ya) 

(a = 6) = (gr = yx) 

(a = 6) = IL(¢a = ya) 

-a = &(-¢2), or -a = £-(we a) 

(a xB) = &( ga xy), or (a xB) = 2[(r € a) x (ve B)] 

(a+ B) = &(grt ya), or (a+ B) = &(wea) + (ve B)] 

esac. Cr) 

0=-l 
a ¢ 6 is the relation “All members of a are also members of B’’—a relation 
of extension. It is defined by “In every (actual) case, either gz is false 
or yx is true’; or “There is no (actual) case in which gz is true and px 
false” —Il, (gx cx) = I,(-or + yx) = Il, -(¢ge x-yx). a3 is the cor- 
responding relation of intension: it is defined by “Necessarily either gz is 


false or yx is true”, or “It is impossible that gx be true and yz false’, 
22 
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that is, (yx 3 yu) = (-ex Aya) = ~(gx x-yx). a3 may be correctly 
interpreted “The class-concept of a, that is, ¢g, contains or implies the 
class-concept of 6, that is, y’’. That this should be true may not be at 
once clear to the reader, but it will become so if he study the properties of 
a3, and of gx 3 y2, in this system. 


Since we have (gx 3 yar) 3 IL,( ga ¢ pr) 
we shall have also (a3 B) 3 (ac) 


If the class-concept of a implies the class-concept of 8, then every member 
of a will be also a member of 8. The intensional relation, 3, implies the 
extensional relation, ¢. But the reverse does not hold. The old “law” of 
formal logic, that if a is contained in @ in extension, then £ is contained in a 
in intension, and vice versa, is false. The connection between extension 
and intension is by no means so simple as that. 

This discrepancy between relations in extension and relations in inten- 
sion is particularly evident in cases where one of the classes in question is 
the null-class, 0, or the universe of discourse, 1. As was pointed out in 
Chapter IV, we shall have for every “individual”’, z, 


ren and -(x € 0) 
Also, for any class, a, we shall have 
acl, and Oca 


These last two will hold because, since ¢a 3 ¢a is always true when significant, 
-(¢x 3 ¢x) always false, we shall have, for any function, ¢x, 
IL[ gx ¢ (fx 3 x)] 
and IL,[-(¢a 3 €@) © ga} 
We shall have these because “A false proposition materially implies any 
proposition”, and “A true proposition is materially implied by any propo- 
sition.” But since it does not hold that ‘A false proposition strictly implies 
any proposition’’, or that “A true proposition is strictly implied by any 
proposition’’, we shall not have 
gx 3 (fx 4 Fx) 
or -((@ 3 x) 3 ox : 
And consequently we shall not have 


al, or Oza 


If y is a null class, we shall have “ All members of y are also members of 8, 
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whatever class 6 may be”. But we shall not have “The class-concept of 
implies the class concept of 8, whatever class 8 may be’’. The implications 
of a class-concept are not affected by the fact that the class has no members. 

The relation, a = 8, is material or extensional equivalence, “The 
classes a and 6 consist of identical members”; a@ = 8 is strict or intensional 
equivalence, “The class-concept of a is equivalent to the class-concept of 8’. 
It is obvious that 


(a = 6) 3 (a = 8) 


but that the reverse does not hold. The relation between intensions and 
extensions is unsymmetrical, not symmetrical as the medieval logicians 
would have it. And, from the point of view of deduction, relations of 
intension are more powerful than relations of extension. 

a+ Band a are relations of extension—the familiar “logical sum” 
and “logical product” of two classes. What about the corresponding 
relations of intension? This most important thing about them—there are 
none. Consider the equivalences, 


(aA B) = (graye) = &(we a) A (we B)] 
and (@OB) = fer Ot) = *@ea) owe B)| 


gu Ox Is a proposition—the proposition - ~(¢a x ya), “It is possible that 
gx and yx both be true”. And being a proposition, either it is true of 
every x or it is true of none. So that ao, so defined, would be either 
1 or 0. Similarly gx a yz is a proposition, either true of every x or false 
of every x; and a8 would be either 1 or 0. Consequently, a a6 and 
a0 are not relations of a and 6 at all. The product and sum of classes 
are relations of extension, for which no analogous relations of intension 
exist. This is the clue to the failure of the continental successors of Leibniz. 
They sought a calculus of classes in intension: there 7s no such calculus, unless 
it be confined to the relations a3 6 and a = 8. Holland really came in 
sight of this fact when he pointed out to Lambert the difficulties of logical 
“multiplication” and logical “division’’.” 

The presentation of the calculus of propositional functions and calculus 
of classes here outlined,—and of the similar calculus of relations,—would 
involve many subtle and vexatious problems. But we have thought it 
worth while to indicate the general results which are possible, without dis- 
cussing the problems. But there is one important problem which involves 
the whole question of strict implication, material implication, and formal 


7 See above, p. 35. 
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implication, which must be discussed—the meaning of “implies”. This 
is the topic of the next section. 


V. Tse Meanine oF “ImMpPLies” 


It is impossible to escape the assumption that there is some definite 
and “proper” meaning of “implies”. The word denotes that relation 
which is present when we “validly” pass from one assertion, or set of 
assertions, to another assertion, without any reference to additional “evi- 
dence”. If a system of symbolic logic is to be applied to such valid infer- 
ence, the meaning of “implies” which figures in it must be such a “proper” 
meaning. We should not hastily assume that there is only one such 
meaning, but we necessarily assert that there is at least one. This is no 
more than to say: there are certain ways of reasoning that are correct or 
valid, as opposed to certain other ways which are incorrect or invalid. 

Current pragmaticism in science, and the passing of “self-evident 
axioms”? in mathematics tend to confuse us about this necessity. Pure 
mathematics is no longer concerned about the truth either of postulates or 
of theorems, and definitions are always arbitrary. Why, then, may not 
symbolic logic have this same abstractness? What does it matter whether 
the meaning of “implies” which figures in such a system be “proper”’ or 
not, so long as it is entirely clear? The answer is that a system of symbolic 
logic may have this kind of abstractness, as will be demonstrated in the next 
chapter. But it cannot be a criterion of valid inference unless the meaning, 
or meanings, of “implies” which it involves are “proper”. There are 
two methods by which a system of symbolic logic may be developed: the 
non-logistic method exemplified by the Boole-Schréder Algebra in Chapter 
II, or the logistic method exhibited in Principia Mathematica and in the 
development of Strict Implication in this chapter. The non-logistic method 
takes ordinary logic for granted in order to state its proofs. This logic which 


is taken for granted is either “proper” or the proofs are invalid. And if 
the logic it takes for granted is not the logic it develops, then we have a 


most curious situation. A symbolic logic, logistically developed. e., 


without assuming ordinary logic to validate its proofs—is peculiar among 
mathematical systems in that its postulates and theorems have a double 
use. ‘They are used not only as premises from which further theorems are 
deduced, but also as rules of inference by which the deductions are made. 
A system of geometry, for example, uses its postulates as premises only; 


it gets its rules of inference from logic. Suppose a postulate of geometry 


The System of Strict Implication 325 


to be perfectly acceptable as an abstract mathematical assumption, but 


I 


false of “our space”. Then the theorems which spring from this assump- 
tion may be likewise false of “our space”. But still the postulate will 
truly wmply these theorems. However, if a postulate of symbolic logic; 
used as a rule of inference, be false, then not only will some of the theorems 
be false, but some of the theorems will be invalidly inferred. The use of 
the false postulate as a premise will introduce false theorems; its use as a 
rule of inference will produce invalid proofs. ‘ Abstractness” in mathe- 
matics has always meant neglecting any question of truth or falsity in 
postulates or theorems; the peculiar case of symbolic logic has thus far 
been overlooked. But we are hardly ready to speak of a “good” abstract 
mathematical system whose proofs are arbitrarily invalid. Until we are, 
it is requisite that the meaning of “implies” in any system of symbolic 
logic shall be a “proper” one, and that the theorems—used as rules of 
inference—shall be true of this meaning. 

Unless “implies” has some “proper” meaning, there is no criterion of 
validity, no possibility even of arguing the question whether there is one or 


I 


not. And yet the question What is the “proper” meaning of ‘“‘implies’’? 
remains peculiarly difficult. It is difficult, first, because there is no common 
agreement which is sufficiently self-conscious to decide, for example, about 


5) 


“material implication” or “strict implication”. Even those who feel quite 
decided in the matter are easily confused by the subtleties of the problem. 
And, second, it is difficult because argument on the topic is necessarily 
petitio principii. One must make the Socratic presumption that one’s 
interlocutor already knows the meaning of “implies”, and agrees with 
one’s self, and needs only to be made aware of that fact. One must sup- 
pose that the meaning in denotation is clear to all, as the meaning of “cat” 


or “life” is clear, though the definition remains to be determined. If two 


persons should really disagree about “implies’’—should have different 
“logical sense’”’—there would be nothing to hope for from their argument. 

In consideration of this peculiar involution of logical questions, the 
best procedure is to exhibit the alternatives in some detail. When the 
nature of each meaning of “implies”, and the consequences of taking it to 
be the “proper” one have been exhibited, the case rests. 

We have already drawn attention, both in this chapter and in Chapter II, 
to the peculiar theorems which belong to all systems based on material 


implication. We may repeat here a few of them: 


(1) A false proposition implies any proposition; —p ¢ (p ¢ q) 
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(2) A true proposition is implied by any proposition; q ¢ (p €q) 

(3) If p does not imply q, then p is true; -(p¢q) cp 

(4) If p does not imply gq, then q is false; -(p <q) ¢-q 

(5) If p does not imply q, then p implies that ¢ is false; ° 

-(p ©q) ¢(p ¢-9q) 

(6) If p does not imply q, then ‘p is false’ implies g; -(p ¢q) ¢ (-p ¢q) 

(7) If p and q are both true, then p implies g and q implies p; 

pqe(pegyep) 

(8) If p and qg are both false, then p implies ¢ and q implies p; 

—p-qe (pega cp) 

These sufficiently characterize the relation of material implication. It is 
obviously a relation between the truth-values of propositions, not between 
any supposed content or logical import of propositions. “p materially 
implies q” means “It is false that p is true and gq false”. All these the- 
orems, and an infinite number of others just as “peculiar” follow necessarily 
from this definition. The one thing which this relation has in common 
with other meanings of “implies” —a most important thing of course—is 
that if p is true and q is false, then p does not materially imply gq. 

As has been said, there are any number of such “peculiar”? theorems 
in any calculus of propositions based on material implication.’ These the- 
orems do not admit of any application to valid inference. In a system of 
material implication, logistically developed, there is nothing to prohibit 
their being used as rules of inference, but when so used they give theorems 
which are even more peculiar and quite as useless. If we apply these 
theorems to non-symbolic propositions, we get startling results. ‘‘ The 
moon is made of green cheese” implies “2 + 2 = 4”,—because g ¢ (p ¢q). 
Let g be “2 + 2 = 4” and p be “The moon is made of green cheese”. 
Then, since “2 + 2 = 4” is true, its consequence above is demonstrated. 
“Tf the puppy’s teeth are filled with zinc, tomorrow will be Sunday”’. 
Because the puppy’s teeth are not filled with zine, and, anyway, it happens 
to be Saturday as I write. A false proposition implies any, and a true 
proposition is implied by any.® 

There are, then, in the system of Material Implication, a class of propo- 
sitions, which do not admit of any application to valid inference. And 


’ Every theorem gives others by substitution, as well as by being used as a rule of 
inference. And there are ways whereby, for any such theorem, one other which is sure to 
be “peculiar” also can be derived from it. And also, it can be devised so that no result of 
one shall be the chosen result of any other. Hence the number is infinite. 

* Lewis Carroll wrote a Symbolic Logic. I shall never cease to regret that he had not 
heard of material implication. 
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all the other, non-“peculiar’’, theorems of Material Implication find their 
analogues in other systems. Hence the presence of these peculiar and use- 
less theorems is a distinguishing mark of systems based upon material 
- implication. 

There can be no doubt that the reason why the relation of material 
implication is the basis of every calculus of propositions except MacColl’s 
and Strict Implication is a historical one. Boole developed his algebra for 
classes; he then discovered that it could also be interpreted so as to cover 
certain relations of propositions. Peirce modified Boole’s algebra by intro- 
ducing the relation of inclusion, which we have symbolized by ¢. acb 
has all the properties of the relation between a and b when every member of 
ais alsoa member of b. It has one notable peculiarity: if a is a class which 
has no members—a “zero” class—then for any class x, ac¢x. Now the 
idea of “zero” in any branch of mathematics seems a little more of an 
arbitrary convention than the other numbers. The arithmetical fact that 
0 <8 seems “queer” to children, and it would, most likely, have seemed 
“queer” to an ancient Roman. Once 0 is defined, its “‘queer’’ properties, 
as well as the obvious one, 8 + 0 = 8, are inevitable. It is similar with 
the “null class”. a0 = 0, “That which is both a and nothing is nothing”’, 
is necessary. And (ab = a) = (acb), “‘That which is both a and 3, 
1SGon18 equivalent to ‘All a is b’”’, leads to the necessary consequence 


bh) 


Oca. If there are no sea serpents, then “All sea serpents are arthropods 


d 


necessarily follows. This consequence seems more “queer” and arbitrary 
because it is a relation of extension with no analogue in intension. The 
concept “sea serpent” does not zmply the concept “arthropod’’—as has 
been pointed out, 0 3a does not hold. And in our ordinary logical thinking 
we pass from intension to extension and vice versa without noting the 
difference, because the relations of the two are so generally analogous. 
But once we make the necessary distinction of relations in extension from 
relations in intension, it is clear that 0 ca in extension is a necessary conse- 
quence of the concept of the null-class. Entirely similar remarks apply to 
the proposition a ¢1, except that “a is contained in everything” does not 
seem so “queer”. 

Boole suggested that the algebra of classes be reinterpreted as a calculus 
of propositions by letting a, b, c, etc., represent the times when the proposi- 
tions A, B, C, ete., are true. Then Peirce added the postulate which 
holds for propositions but not for classes (or for propositional functions), 
a=(a=1). A proposition is either true in all cases, or true in none. 
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The class of cases in which any proposition is true is either 0 or 1. This 
| gives the characteristic property of the Two-Valued Algebra. If we add 
to this the interpretation of a ¢b, “All cases in which A is true are cases in 
which B is true”, or loosely “If A, then B”, we have the source of the 
peculiar propositions of Material Implication. For 0¢b, acl, 00, 
0 ¢1, and 1¢1 follow from the laws which are thus extended from classes 
to propositions. A false proposition [= 0] implies b. And a implies any 
true proposition [= 1]. Of any two true propositions [= 1] each implies 
the other. Of any two false propositions [= 0] each implies the other. 
And any false proposition implies any true one. “A false proposition 
materially implies any proposition” means precisely “If there are no 
cases in which A is true (if a = 0) then all cases in which A is true are 
also cases in which B is true”. It does not mean “B can be inferred from 
any false proposition”. ‘A true proposition is materially implied by any 
proposition” means only, “If B is true [= 1], then the cases in which A is 
true are contained among the cases (1. e., all cases) in which B is true”. 
It does not mean “ Any true proposition can be inferred from A”. Inference 
depends upon meaning, logical import, intension. acb is a relation purely 
of extension. Is this material implication, acb, a relation which can 
validly represent the logical nexus of proof and demonstration? 

Formal implication IL,( gave yz) is defined in terms of material implication. 

It means “For every value of x, gx materially implies ya’’. Choose any 
value of 2, say for convenience z, and unless gz is false, ¥z is true. Cer- 
tainly this relation approximates more closely to the usual meaning of 
“implies”. But the precisely accurate interpretation of II,(¢r ¢ yz) 


ce 


depends upon what is meant by the “values of 2’’. We have spoken of 
them as “cases” or “individuals”. It makes a distinct difference whether 
the “cases”? comprehended by II.(¢gx ¢ ya) are all the possible cases, all 
conceivable individuals, or only all actual cases, all individuals which exist 
(in the universe of discourse). Either interpretation may consistently be 
chosen, but the consequences of the choice are important. Let us survey 
briefly the more significant considerations on this point. 

In the first place, supposing that the second choice is made and II, be 
taken to signify “for all x’s which exist”, what shall we mean by “exist’’? 
This is entirely a matter of convenience, and logicians are by no means at 
one in their use of the term. But any meaning of “exist”? which confines 
it to temporal and physical reality or to what is sometimes called “the 
factual” is inconvenient because, for example, we may wish to distinguish 
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the status of curves without tangents in mathematics from the status of 
the square of the circle. This distinction is usually made by saying that 
the former “exist”’, since the general mathematical idea of a “curve”’ 
admits such cases, and their equations may be given; while the square of 
the circle is demonstrably impossible. Again, it is inconvenient to say that 
Apollo exists in Greek mythology, whereas the god Agni does not. Now 
the god Agni is not inconceivable in Greek mythology; we find no record 
of him, that is all. Similarly, while the usual illustrations of mathematical 
“non-existence” are impossibilities, there is still a difference between what 
“does not exist” in a mathematical system and what is impossible. Sup- 
pose we have an “existence postulate” in a set which are consistent and 
independent each of the others—the 0-postulate in the Boole-Schréder 
Algebra, for example. Without this postulate, the remainder of the set 
generate a system in which 0 does not eaist. But it is possible, as the con- 
sistency of this postulate with the others demonstrates. The frequent 
statement that “mathematical existence” is the same as “ possibility”’ is a 
very thoughtless one. 

The most convenient use of “exist” in logic is, then, one which makes 
the meaning depend upon the universe of discourse, but one which does 
not, as is sometimes supposed, thereby identify the “existent”? and the 
possible. (“ Possible” similarly varies its meaning with the universe of 
discourse.) On the other hand, it is inconvenient to use ‘“‘exist’’ so widely 
that “existence” is a synonym for “conceivability”. This is so obvious 
in the most frequent universe of discourse, “phenomena’’, that it hardly 
needs to be pointed out. 

Using “exists” in this sense, in which “existence” is narrower than 
“vossibility”’ but may, in some universes of discourse, be wider than “the 
factual’’, it makes a difference whether II, in I,(ga ¢ ya) denotes only 
existent z’s or all possible x’s. All American silver coins dated 1915 have 
milled edges. Let gx be “az is an American silver coin dated 1915”, and 
let yx be “x has a milled edge”. There is no necessity about milled edges 
for silver coins, unless one speak in the “legal’’ universe of discourse. For 
this illustration, II,(¢x ¢yx) will be true if II, denote only actual 2’s; 
false if it denote all possible x’s. One illustration is as good as a hundred; 
if II,(¢¢ ¢ yx) refer to all possible 2’s, Il,(gx ¢ yx) means “It is impossible 
that gx be true and yz false”. If U,(¢x cya) be confined to actual 2’s, 
then it signifies a relation of extension, “The class of things of which gx 
is true is contained in the class of things of which yz is true”’. 
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It might be thought that the meaning of IL,(ga ¢ yx) Is sufficiently 
determined by saying that the “values of x” in a function, gz, are all the 
entities for which gw is either true or false. But this is not the case, for 
there is question whether, of an 2 which does not exist, gx is always true, 
or always false, or sometimes true and sometimes false, or never either 
true or false. Here again, the question is, in part, one of convention. 
From the point of view of extension, it is obvious that if gx can be predi- 
cated at all of an x which does not exist, it will always be false. (Predicating 
something, ¢, of an “individual”, 2, which does not exist, should be dis- 
tinguished from asserting that an empty class, a, which exists though it 
has no members, is included in some other, acb. “The King of France is 
bald” is an example of the former; “All sea serpents have green wings”’, 
of the latter.) And the point of view of extension is frequently that of 
common sense. In this sense, “a is a man” is false of my non-existent twin 
brother, and even identical propositions such as “My twin brother is my 
twin brother”’ are false of the non-existent. But from the point of view of 
intension, an identical proposition is always true, and ga may be true or 
it may be false of a non-existent x. If the point of view of extension be 
taken with reference to propositional functions, then ga is either not- 
significant or false of the non-existent, and yz is similarly not-significant 
or false. If gx and yz are not significant of the non-existent, then II,( er 
cyx) means “For every existent x, gx materially implies yx”. If gx 
and yz are significant and false of the non-existent, then gx ¢yzx is true 
of every non-existent x, since of two false propositions, each materially 
implies the other. Hence on this interpretation, II,( gr ¢ Wx) is significant 
for all possible x’s and true in case every existent x is such that ga ¢ yx. 
Hence its meaning will still be accurately rendered by “For every existent 
x, gv materially implies ya”. If the point of view of intension be taken 
with reference to propositional functions, or if it be left open, then II,(¢a 
cya) may mean “For every possible x, gx materially implies ya”’, or we 
may, by convention, still confine it to the meaning “For every existent x, 
gu materially implies ya’. 

10 We would gladly have spared the reader these details, but we dared not. If logicians 
do not consider one another’s views, who will? In this connection we are reminded of a 
passage in Lewis Carroll’s Symbolic Logic (pp. 163-64) anent the controversy concerning 
the existential import of propositions: 

“The writers, and editors, of the Logical text-books which run in the ordinary 
grooves—to whom I shall hereafter refer by the (I hope inoffensive) title ‘The Logi- 


cians’—take, on this subject, what seems to me to be a more humble position than is 
at all necessary. They speak of the Copula of a Proposition ‘with bated breath” 
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The ground being now somewhat cleared, we return to the simpler 
considerations which are really more important. What are the conse- 
quences of taking I,(gr ¢ yx) in one or the other meaning? The first 
and most important is this. It is a desideratum that we should be able to 
derive the calculus of classes from the calculus of propositional functions. 
And in this calculus of classes, the inclusion relation of classes a ¢ 8 or 


&( gz) ¢ 2(~z) can be defined by 
2( gz) © 20/2) = IL,( ga ¢ yz) 


or by some equivalent definition. If U,(¢acyxr) mean “For all 2’s 
which exist, gu cyx’’, then ac, or 8(¢z) € (yz), so defined, is the use- 
ful relation of extension, “All the existing things which are members of a 
are also members of 8”. Such a relation can represent such propositions as 
“All American silver coins dated 1915 have milled edges”. If, on the other 
hand, we interpret Il.(gx ¢yx) to mean “For all possible 2x’s, gr cya, 
then two courses are open: (1) we can maintain that whatever is true of 
all existent things is true of all possible—thus abrogating a useful and 
probably indispensable logical distinction; or (2) we can allow that what 
is true or false of the possible depends upon its nature as conceived or 
defined. If we make the second choice here, the consequence is that 


a cB, or 2(¢2) ¢ 2(z), defined by 
8( ez) c2(vz) = I, (¢a c ya) 
or in any equivalent fashion, such as 
eepe= lie ea a ¢B) 


is the relation of intension “The class-concept of a implies the class- 
concept of 6”. This relation does not symbolize such propositions as 


almost as if it were a living, conscious Entity, capable of declaring for itself what it 
chose to mean and that we, poor human creatures, had nothing to do but to ascertain 
what was its sovereign will and pleasure, and submit to it. 

“Tn opposition to this view, I maintain that any writer of a book is fully authorised 
in attaching any meaning he likes to any word or phrase he intends to use. If I find 
an author saying, at the beginning of his book, ‘Let it be understood that by the 
word “black” I shall always mean “white”, and that by the word “‘white’” I shall 
always mean “‘black’’,’ I meekly accept his ruling, however injudicious I may think it, 

“And so, with regard to the question whether a Proposition is or is not to be 
understood as asserting the existence of its Subject, I maintain that every writer may 
adopt his own rule, provided of course that it is consistent with itself and with the 
accepted facts of Logic. 

“Let us consider, one by one, the various views that may logically be held, and 
thus settle which of them may conveniently be held; after which I shall hold myself 
free to declare which of them J intend to hold.” 
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, 


“All American silver coins dated 1915 have milled edges” or “It rained 


every week in March”, or in general, the frequent universal propositions 
which predicate this relation of extension. 

And whichever interpretation of II,(¢r ¢ yx) be chosen, we can now 
point out one interesting peculiarity of it. We quote from Principia 
Mathematica: “In the usual instances of implication, such as “‘Socrates 
is a man’ implies ‘Socrates is a mortal’”, we have a proposition of the 
form “ yx ¢ yx” in a case in which “I,(¢gx ¢ ya)” is true. In such a case, 
we feel the implication as a particular case of a formal implication”’. It 
might be added that “‘Socrates is a man’ implies ‘Socrates is a mortal’” 
is not a formal implication: it is a material implication and a strict impli- 
cation, but not formal. One may object: “But as a fact, in such cases 
there is a tacit premise of the type ‘ All men are mortal ’, and this is precisely 
the formal implication, ,(gx ¢ yx)”. Granted, of course. But add this 
premise, and still the implication is strict and material, but not formal. 
“All men are mortal and Socrates is a man”’ does not formally imply “Soc- 
rates is mortal’. If the “proper” meaning of “implies” is one in which 
“Socrates is a man” really and truly implies “Socrates is mortal’’, or one 
in which “All men are mortal and Socrates is a man” really and truly 
implies “Socrates is mortal”, then formal implication is not that proper 
meaning. However much any formal implication may lie behind and 
support such an inference, it cannot state it. 

One further consideration is worthy of note: If II,(¢x ¢ wx) be restricted 
to 2’s which exist, then it will denote such propositions as “‘a is an Ameri- 
can silver coin of 1915’ implies ‘x has a milled edge’”’; “‘a is a Monday 
of last March’ implies ‘x is a rainy day’”’; “x has horns and divided hoofs’ 
implies ‘x chews a cud’”’. In other words it will denote relations which are 
“contingent”, and due to “coincidence”. It may be doubted whether 
such relations are “properly” implications. But upon this question the 
reader will very likely find himself in doubt. What we regard as the 
reason for this doubt will be pointed out later. 

The strict implication, p3q, means “It is impossible that p be true 

1y, p. 21. We render the symbolism of this passage in our own notation. 

2” It may be objected that the calculus gives the formal implication 

Ty, y{ Ua (ex yx) x gz] c yz} 


which is the formal implication of yz by Iz (¢x ¢ yx) x gz, which is required. But this is 
not what is required. ‘The variables for all values of which this proposition is asserted are 
g and y, not «and z. The reader will grasp the point if he specify ¢ and y here, and then 
allow them to vary in his illustration. 
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and q false”’,’ or “p is inconsistent with the denial of ¢”. Similarly gx 3 ya 
means “It is impossible that gx be true and ya false’’, or “the assertion 
of gx is inconsistent with the denial of yx’. Some explanation of “im- 
possible” or “inconsistent”? may seem called for here. These terms can 
either of them be explained by the other, but one or the other must be taken 
for granted. Yet the following observations may be of assistance: An 
assemblage or set of propositions may be such that all of them can be true 
at once. They are mutually compatible, compossible, consistent. There 
may be more than one such set. Whoever denies this on metaphysical 
grounds must assume the burden of proof. And whether, in fact, the 
possible and the actual, the consistent and the concurrently true-in-fact 
are identical, at least one must admit that our concept of the possible 
differs from our concept of the actual: that we mean by “consistent” some- 
thing different from “concurrently true-in-fact”. Any set of mutually 
consistent propositions may be said to define a “possible situation” or 


I 


“case” or “state of affairs”. And a proposition may be “true” of more 
than one such possible situation—may belong to more than one such set. 
Whoever understands “possible situation” thereby understands “con- 
sistent propositions”, and vice versa. And whoever understands “im- 
possible situation” understands also “inconsistent propositions’. In 
these terms, we can translate p3q by “Any situation in which p should be 
true and q false is impossible”. 

But “situation” as here used should not be confused with Boole’s 
“times when A is true”. A proposition, once true, is always true. A 
proposition may be true of some possible “situations” and false of others, 
but it must be in point of fact either simply true or simply false. This is 
what constitutes the distinction between a proposition and a propositional 
function such as “x is aman’’. This last is, in point of fact, neither true 
nor false.'% 

Of special interest are the cases of strict implication in which more 
than two propositions are involved. We have already seen’ that strict 
triadic relations take the form of strict dyads, one member of which is 
itself a non-strict or material dyad. Where we might expect p3(q37), 
we have instead p3(qer) or pqir. Instead of po(qor) we have 
po(qr) or (pq) or. We may now discover the reason for this—the reason 


13 On the other hand, it is impossible to deny that a proposition may be true of some 
‘situations’, and false of others unless one is prepared to maintain that whatever assertion 
can be referred to different possible “circumstances”’, is not a proposition. And whoever 
asserts this must, to be consistent, recognize that there is only one true proposition, the 
whole of the truth, the assertion of all-fact, the Hegelian Idee. 
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not in mathematical-wise but in terms of common sense about inference. 
Suppose that p, q, and the negation of r, form an inconsistent set. They 
cannot all be true of any possible situation. We have symbolized this by 
-(poqgo-r). 


(poqgo-r) = -[po(q-r)] = p3-(-7) = p3(qer) = pqir 


If p, g, and -r form an inconsistent set and, in point of fact p and q are both 
true, then r must be true also. So much is quite clear. The inference 
from (pq) to r is strict. But suppose p, g, and -r cannot all be true in 
any possible situation and suppose (in the actual situation) p only is known 
to be true. We can then conclude that “If ¢ is true, r is true”’. 


-(pogo-r) = p3(qer) 


This inference is also strict, but our symbolic equivalents tell us that this 
“li. ., them... 1s) not itself “a ‘strict implication, Ib %s20 cree 
material implication. That is the puzzle; why is it not strict like the 
other? The answer is simple. If p, g, and -r cannot all be true in any 
possible situation and if p is true of the actual situation, it follows that 
q and -r are not both true of the actual situation, that is, -(q-r), but it 
does not follow that gq and -r cannot both be true in some other possible 
situation (in which p should be false)—it does not follow that g and -r are 
inconsistent, that -(q¢o-r). Consequently it does not follow that q¢3r, 
that q strictly implies r._ If, then, we begin with an a priori truth (holding 
for all possible situations), that p, q, and -r form an inconsistent set, and 
to this add the (empirical) premise “p is true’’, we get, as a strict con- 
sequence, the proposition “If qg is true, r is true”. But the truth of this 
consequence is confined to the actual situation, like the premise p. If, in 
this case, we go on and infer r from q, our inference may be said to be valid 
because the additional premise, p, required to make it strict, is taken for 
granted. The inference depends on pq3r. Or we may, if we prefer, 
describe it as an inference based on material implication, which is valid 
because it is confined to the actual situation. Much of our reasoning is 
of this type. We state, or have explicitly in mind, only some of the premises 
which are required to give the conclusion strictly. We have omitted or 
forgotten the others, because they are true and are taken for granted. 
In this sense, much of our reasoning may be said to make use of material 
or formal implications. This is probably the source of our doubts whether 
such propositions as “‘a is an American silver coin dated 1915’ implies 
‘x has a milled edge’”’, and “‘z has horns and divided hoofs’ implies ‘x 
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chews a cud’” represent what are “properly” called implications. In 
such cases, the reasoning is valid only if the missing premises, which would 
render the implication strict, are capable of being supplied. 

The case where two premises are strictly required for inference is typi- 
cal of all those which require more than one. Where three, p, g, and r, 
are required for a conclusion, s, we have 


piqr)3s=pi3(qrcs) = pilge(res)] 


And similar equations hold where four, five, etc., premises are required 
for a conclusion. Only the main implication is strict. In other words, a 
strict implication may be complex but is always dyadic. 

Another significant property of strict implication, as opposed to material 
implication or formal implication, is that if we have “‘az is a man’ strictly 
implies ‘x is a mortal’”, we have likewise “‘Socrates is a man’ strictly 
implies ‘Socrates is a mortal’’’, and vice versa. Propositions strictly imply 
each other when and only when any corresponding propositional functions 
similarly imply one another. According to this view of implication, 
“*Socrates is a man’ implies ‘Socrates is a mortal’”’ is not simply felt to 
be the kind of relation upon which most inference depends: it zs the rela- 
tion upon which all inference does depend. Strict implication is the 
symbolic representative of an inference which holds equally well whether 
its terms are propositions or propositional functions. 

One further item concerning the properties of strict implication has to 
do with the analogues of the “peculiar” propositions of Material Impli- 
cation. These analogues are themselves somewhat peculiar: 


3:52 ~p3(p3q)_ If pis impossible, then p implies any proposition, gq. 


3:55 ~-p3(q3p) If p is necessarily true, then p is implied by any 
proposition, q. 


These two are the critical members in this class of propositions: the re- 
mainder follow from them and are of similar import. In the “proper”’ 
sense of “implies”, does an absurd, not-self-consistent proposition imply 
anything and everything? A part of the answer is contained in the 
observation that ‘necessary’? and “impossible” in every-day use are 
commonly hyperbolical and no index. No proposition is “impossible” 
in the sense of ~p except such as imply their own contradiction; and no 
proposition is “necessary’’ in the sense of ~ -p unless its negation is self- 
contradictory. Again, the implications of an absurd proposition are no 
indication of what would be true if that absurd proposition were true. 
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It is the nature of an absurd proposition that it is not logically conceivable 
that it should be true under any possible circumstances. And, finally, 
we can demonstrate that, in the ordinary sense of “implies’’, an impossible 
proposition implies anything and everything. It will be granted that in 
the “proper” sense of “implies’’, (1) “p and q are both true” implies “gq is 
true”. And it will be granted that (2) if two premises p and q imply a 
conclusion, r, and that conclusion, 7, is false, while one of the premises, 
say p, is true, then the other premise, g, must be false. That is, if “All 
men are liars” and “John Blank is a man”’ together imply “John Blank 
is a liar”, but “John Blank is a liar” is false, while “John Blank is a man”’ 
is true, then the other premise, “All men are liars”, must be false. And it 
will be granted that (3) If the two propositions, p and q, together imply r, 
and r implies s, then p and qg together imply s. These three principles being 
granted, it follows that if ¢ implies r, the impossible proposition “g is true 
but r false” implies anything and everything. For by (1) and (38), if q¢ 
implies r, then “p and q are both true” implies r._ But by (2), if “p and q 
are both true” implies r, “g is true but r is false” implies “p is false”. 


¢ 


Hence if g implies 7, then “g is true but r is false” implies the negation of 
any proposition, p. And since p itself may be negative, this impossible 
‘proposition implies anything. “Today is Monday” implies “Tomorrow 
is Tuesday”. Hence “Today is Monday and the moon is not made of 
green cheese” implies “Tomorrow is Tuesday”. Hence “Today is Monday 


d 


but tomorrow is not Tuesday” implies “It is false that the moon is not 
made of green cheese”’, or “The moon is made of green cheese”’. 

This may be taken as an example of the fact that an absurd proposition 
implies any proposition. It should be noted that the principles of the 
demonstration are quite independent of anything we have assumed about 
strict implication, though they accord with our assumptions. 

We shall now demonstrate: first, that there are a considerable class of 
propositions which imply their own contradiction and are thus impossible, 
and a class of propositions which are implied by their own denial and are 
thus necessary; and second, that an impossible proposition implies any 
proposition, and a necessary proposition is implied by any. These proofs 
will be similarly free from any necessary appeal to symbolism, making use 
only of indubitable principles of ordinary logic. 

Any proposition which should witness to the falsity of a law of logic, 
or of any branch of mathematics, implies its own contradiction and is 
absurd. “p implies p”’ is a law of logic; and may be used as an example. 
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In general, any implication, “p implies q,” is shown false by the fact that 
“p is true and q is false’. Thus the law “p implies p” would be disproved 
by the discovery of any proposition p such that “p is true and p is false’’. 
This is, then, an impossible proposition. “p is true and p is false”’ implies 
its own negation, which is “At least one of the two, not-p and », is true”’. 
For “p is true and p is false” implies “p is true’. And “>p is true”’ implies 
“At least one of the two, p and q, is true’. And not-p, “*p is false,” may 
be this g. Hence “p is true” implies “At least one of the two, p and not-p, 
is true”. Hence “p is true and p is false” implies “ At least one of the two, 
p and not-p, is true”. The negation of “g is true and r is false” is “At 
least one of the two, r and not-q, is true’. If p here replace both q and r, 
we have as the negation of “p is true and p is false”’, “At least one of the 
two, p and not-p, is true’’. And it is this which “> is true and p is false” 
has been shown to imply. 

Merely for purposes of comparison, we resume this proof in the symbols 
of Strict Implication: 


p3p,and pip = ~(p-p). Hence (p-p) is an impossible proposition. 
By the principle p q 3 p, we have p -p 3 p. (1) 
And by the principle ¢ 3p +q, we have p 3 (-p+ 7). (2) 
By the principle (p 3 q)(¢ 31) 3 (p37), this gives (1) x (2) 


p-p3(-p+ Pp) 
But (-p+p) = -(p-p). Hence p-p3-(p-p). 
This is only one illustration of a process which might be carried out in 


any number of cases. Take’ any one of the laws of Strict Implication and 
transform it into a form which has the prefix, ~. For example, 


pqiqp =~l(pq) -@>P)) 


The impossible proposition thus discovered, in the example [(p ¢) -(q p)], 
can always be shown to imply its own negation. The reader will easily see 
how this may be done. Such illustrations are quite generally too complex 
to be followed through without the aid of symbolic abbreviation, but only 
the principles of ordinary logic are necessary for the proofs. 

Wherever we find an impossible proposition, we find a necessary propo- 
sition, its negation. For example, “At least one of the two, p and not-p, 
is true” is a necessary proposition. We have just demonstrated that it is 
implied by its own denial. 

(Some logicians have been inclined of late to deny the existence of 

23 
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necessary propositions and of impossible, or self-contradictory, propositions. 
We beg their attention to the above, and request their criticisms.) 

We shall now prove that every impossible proposition—i. e., every 
proposition which implies its own negation—implies anything and every- 
thing. If p implies not-p, then p implies any proposition, g. We have 
already shown that if q implies 7, then “q is true and r is false” implies any 
proposition. Hence if p implies not-p, “p is true but not-p is false”, 
that is, “p is true and p is true”, implies any proposition, qg. But p is 
equivalent to “p is true and pis true”. Hence if p implies not-p, p implies 
any proposition, ¢q. 

Any necessary proposition, i. e., any proposition, g, whose denial, not-g, 
implies its own negation, is implied by any proposition, r. This follows 
from the above by the principle that if p implies g, then “gq is false”’ implies 
“» is false”. In the theorem just proved, “If p implies not-p, then p 
implies any proposition, q”, let p be “not-q”, and q be “not-r’’. We 
then have “If not-g implies g, then not-¢ implies any proposition, not-r”’. 
And if not-g implies not-r, then “not-r is false” implies “not-q is false”’, 
i.e., rimplies g. Hence if not-¢ implies qg, then any proposition, r, implies gq. 

But “a man convinced against his will is of the same opinion still”’. 
In what honest-to-goodness sense are the “necessary” principles of logic 
and mathematics implied by any proposition? The answer is: In the 
sense of presuppositions. And what, precisely, is that? Any principle, 4, 
may be said to be presupposed by a proposition, B, if in ease A were false, 
B must be false. If a necessary principle were false, anything to which 
it is at all relevant would be false, because the denial of such a principle, 
being an impossible proposition, implies the principle itself. And where a 
principle and its negative are both operative in a system, anything which 
is proved is liable to disproof. Imagine a system in which there are con- 
tradictory principles of proof. That the chaotic results which would ensue 
are not, in fact, valid, requires as presuppositions the truth of the necessary 
laws of the system. ‘These laws—those strictly “necessary’’—are always 
logical in their significance. The logic of “presupposition” is, in fact, a 
very pretty affair—we have no more than suggested its character here. 
The time-honored principles of rationalism are thoroughly sound and 
capable of the most rigid demonstration, however much the historic rational- 
ists have stretched them to cover what they did not cover, and otherwise 
misused them. 


In this respect, then, in which the laws of Strict Implication seemed 
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possibly not in accord with the “proper” sense of “implies”, we have demon- 
strated that they are, in fact, required by obviously sound logical principles, 
though in ways which it is easy to overlook. 

It may be urged that every demonstration we have given shows not 
only that impossible propositions imply anything and necessary proposi- 
tions are implied by anything, but also that a false proposition implies 
anything, and a true proposition is implied by anything. The answer is 
that an impossible proposition is false, of course, and a necessary proposition 
is true. But if anyone think that this validates the doubtful theorems of 
Material Implication, it is incumbent upon him to show that some proposi- 
tion that is false but not impossible implies anything and everything, and 
that some proposition which is true but not necessary is implied by all propo- 
sitions. And this cannot be done. 

We shall not further prolong a tedious discussion by any special plea 
for the “propriety” of strict implication as against material implication 
and formal implication. Anyone who has read through so much technical 
and uninteresting matter has demonstrated his right and his ability to 
draw his own conclusions. 


G HeAVE TS Ee as Val 


SYMBOLIC LOGIC, LOGISTIC, AND MATHEMATICAL 
METHOD 


39 
J. GenERAL CHARACTER OF THE Locistic Metuop. THE “OrTHODOX 
VIEW 


The method of any science depends primarily upon two factors, the 
medium in which it is expressed and the type of operations by which it 
is developed. “Logistic” may be taken to denote any development of 
scientific matter which is expressed exclusively in ideographic language and 
uses predominantly (in the ideal case, exclusively) the operations of sym- 
bolic logic. Though this definition would not explicitly include certain 
cases of what would undoubtedly be called “logistic”, and we shall wish 
later to present an alternative view, it seems best to take this as our point 
of departure. 

“Modern geometry” differs from Euclid most fundamentally by the 
fact that in modern geometry no step of proof requires any principle except 
the principles of logic.t. It was the extra-logical principles of proof in 
Euclidean geometry and other branches of mathematics which Kant 
noted and attributed to the “pure intuition”’ of space (and time) as the 
source of “synthetic judgments a priori” in science. The character of 
space (or of time), as apprehended a priori, carries the proof over places 
where the more general principles of logic—‘‘analysis’—cannot take it. 
Certain operations of thought are, thus, accepted as valid in geometry 
because geometry is thought about space, and these transformations are 
valid for spatial entities, though they might not be valid for other things. 
The principal impetus to the modern method in geometry came from the 
discovery of non-Euclidean systems which must necessarily proceed, to 
some extent, without the aid of such space intuitions, a priori or otherwise. 
And the perfection of the modern method is attained when geometry is 
entirely freed from dependence upon figures or constructions or any appeal 


‘In the opinion of most students, Euclid himself sought to give his proofs the rigorous 
character which those of modern geometry have, and the difference of the two systems is 
in degree of attainment of this ideal. But Euclid’s successors introduced methods which 
still further depended upon intuition. 


340 
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to the perceptual character of space. When geometry is thus freed from 
this appeal to intuition or perception, the methods of proof are simply 
those which are independent of the nature of the subject matter of the science— 
that is, the methods of logic, which are valid for any subject matter.? 
Coincidently with this alteration of method comes another change— 
geometry is now abstract. If nothing in the proofs depends upon the fact 
that the terms denote certain spatial entities, then, whatever may be meant 
by “point”, “plane”’’, “triangle”’’, “parallel”, etc., if the assumptions be 
true, then the theorems will be. Or in any sense in which the assumptions 
can be asserted, in that same sense all the consequences of them can be 
asserted. The student may carry in his mind any image of “triangle”’ 
or “parallels’’ which is consistent with the propositions about them. More 
than this, even the geometrical relations asserted to hold between “points”’, 
“lines”’, ete., may be given any denotation which is consistent with the 
properties assigned to them. In general, this means for relations, that any 
meaning may be assigned which is consistent with the type of the relation— 
e. g., transitive or intransitive, symmetrical or unsymmetrical, one-one or 
one-many, ete.—and with the distributions of such relations in the system. 
Essentially the same evolution has taken place in arithmetic, or “alge- 
bra’. Any reference to the empirical character of tally marks or collections 
of pebbles has become unnecessary and naive. The “indefinables” of 
arithmetic are specified, very likely, as “A class, K, of elements, a, ), c, 
etc., and a relation (or ‘operation’) +”. Definitions have come to have 
the character of what Kant called “transcendental definitions”—that is 
to say, they comprehend those properties which differentiate the entity to 
be defined by its logical relations, not those which distinguish it for sense 
perception. The real numbers, for instance, no longer denote the possible 
lengths of a line, but are the class of all the “cuts” that can be made (logi- 


2 T cannot pass over this topic without a word of protest against the widespread notion 
that the development of modern geometry demonstrates the falsity of Kant’s Transcendental 
Aesthetik. It does indeed demonstrate the falsity of Kant’s notion that such “synthetic” 
principles are indispensable to mathematics. But, in general, it is accurate to say that 
Kant’s account is concerned with the source of our certainty about the world of nature, 
not with the methods of abstract science which did not exist in his day. Nothing is more 
obvious than that the abstractness of modern geometry comes about through definitely 
renouncing the thing which Kant valued in geometry—the certainty of its applicability 
to our space. When geometry becomes abstract, the content of the science of space splits 
into two distinct subjects: (1) geometry, and (2) the metaphysics of space, which is con- 
cerned with the application of geometry. This second subject has been much discussed 
since the development of modern geometry, usually in the skeptical or “pragmatic” spirit 
(vide Poincaré). But it is possible—and to me it seems a fact—that Kant’s basic argu- 
ments are, with qualifications, capable of being rehabilitated as arguments concerning the 
certainty of our knowledge of the phenomenal world, i. e. as a metaphysics of space. 
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cally specified) in a dense, denumerable series, of the type of the series of 
rationals. 

Thus abstractness and the rigorously deductive method of development 
have more and more prevailed in the most careful presentations of mathe- 
matics. When these are completely achieved, a mathematical system becomes 
nothing more nor less than a complex logical structure.8 Consider any two 
mathematical systems which have been given this ideal mathematical form. 
They will not be distinguished by the entities which form their “subject 
matter”, for the terms of neither system have any fixed denotation. And 
they will not be distinguished by the operations by means of which they 
are developed, for the operations will, in both cases, be simply those of 
logical demonstration. 

A word of caution upon the meaning of “operation” is here necessary. 
It is exactly by the elimination of all peculiarly mathematical operations 
that a system comes to have the rigorously deductive form. For the 
grocer who represents his putting of one sack of sugar with another sack 
by 25 + 25 = 50, [+] is a symbol of operation. For the child who learns 
the multiplication table as a means to the manipulation of figures, [xX] 
represents an operation, but in any rigorously deductive development of 
arithmetic, in Dedekind’s Was sind und was sollen die Zahlen, or Hunting- 
ton’s “Fundamental Laws of Addition and Multiplication in Elementary 
Algebra”’, [+] and [X] are simply relations. An operation is something 
done, performed. ‘The only things performed in an abstract deductive system 
are the logical operations—variables are not added or multiplied. But, 
unfortunately, such relations as [+] and [|] are likely to be still spoken 


by) 


of as “operations”. Hence the caution. 

Since abstract mathematical systems do not differ by any fixed meaning 
of their terms, and since they are not distinguished through their operations, 
they will be different from one another only with respect to the relations 
of their terms, and probably also in certain relations of a higher order— 
relations of relations. And the relations, being likewise abstract, will 
differ, from system to system, only in type and in distribution in the systems; 
that is, any two systems will differ only as types of logical order. 

*M. Pieri, writing of “La Géométrie envisagée comme systéme purement logique”, 
says: “Je tiens pour assuré que cette science, dans ces parties les plus élevées comme 
dans les plus modestes, va en s’affirment et en consolidant de plus en plus comme U’etude 
d’un certain ordre de relations logiques; en s’affranchissant peu d peu des liens qui l’attachent 


4 lintuition, et en revétant par suite la forme et les qualités d’un science ideale purement 


deductive et abstraite, comme V Arithmetique’”’. (Bibliotheque du congrés internationale de 
Philosophie, 111, 368.) 
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The connection between abstract or “pure” mathematics and logistic 
is, thus, a close one. But the two cannot be simply identified. For the 
logical operations by which the mathematical system is generated from its 
assumptions may not themselves be expressed in ideographic symbols. 
Ordinarily they are not: there are symbols for “four” and “congruent”, 
“triangle” and “plus”, but the operations of proof are expressed by “ If 
eee vicie wears kr Hitheri. 2. 0re.ga., etc. Only, whenethem logical 
operations also are expressed in ideographic symbols do we have logistic. 
In other words, all rigorously deductive mathematics gets its principles of 
operation from logic; logistic gets its principles of operation from symbolic 
logic. Thus logistic, or the logistic development of mathematics, is a name 
for abstract mathematics the logical operations of whose development 
are represented in the ideographic symbols of symbolic logic. 

Certain extensions of symbolic logic, as we have reviewed it, are needed 
for the satisfactory expression of these mathematical operations—particu- 
larly certain further developments of the logic of relations, and the theory 


2! 


of what are called “descriptions” in Principia Mathematica. But these 
necessary additions in no wise affect what has been said of the relation 


between symbolic logic and the logistic development of mathematics. 


Il. Two Vartetres or Loaistic Metrnop: PEANO’s Formulaire AND 
Principia Mathematica. Toe Nature or Logistic PRoor 


The logistic method is, then, a universal method, applicable to any 
sufficiently coérdinated body of exact knowledge. And it gives, in mathe- 
matics, a most precise and compact development, displaying clearly the 
type of logical order which characterizes the system. However, there are 
certain variations of the logistic method, and systems so developed may 
differ widely from one another in ways which have nothing directly to do 
with the type and distribution of relations. One most important difference 
has to do with the degree to which the analysis of terms is carried out. 
“Number,” for example, may be taken simply as a primitive idea, or it 
may be defined in terms of more fundamental notions. And these notions 
may, in turn, be defined. The length to which such analysis is carried, 1s 
an important item in determining the character of the system. Correl- 
atively, relations such as [+] and [xX] may be taken as primitive, or they 
may be defined. And, finally, the fundamental propositions which generate 
the system may be simply assumed as postulates, or they may, by the analy- 
sis just mentioned, be derived from those of a more elementary discipline. 
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In general, the analysis of “terms” and of relations and the derivation of 
fundamental propositions go together. And the use of this analytic 
method requires, to some extent at least, a hierarchy of subjects, with 
symbolic logic as the foundation of the whole. 

To illustrate these possible differences between logistic systems, it will 
be well to compare two notable developments of mathematics: Formulatre 
de Mathématiquest of Peano and his collaborators, and Principia Mathe- 
matica of Whitehead and Russell. These two are by no means opposites 
in the respects just mentioned. Principia Mathematica represents the 
farthest reach of the analytic method, having no postulates and no primitive 
ideas save those of the logic, while the Formulaire exhibits a partially hier- 
archic, partially independent, relation of various mathematical branches.’ 

For example, in the Formulaire, the following primitive ideas are assumed 
for arithmetic, which immediately succeeds “mathematical logic”’ 


No signifies ‘number’, and is the common name of 0, 1, 2, etc. 
0 signifies ‘zero’. 
+ signifies ‘plus’. If a is a number, a + indicates ‘the number suc- 
ceeding a’.® 
The primitive propositions, or postulates, are as follows: 7 
-0 Noe Cls 
Lt OieiNs 
“2 GeiNewds Gb eiN 
oP GUS se ose uD edi es FD aN, es 
‘Aa,beNo.at+t=b0+.3.0a=0) 
-5 aeNouad.a+-=0 


— oS ee 


The symbol > here represents ambiguously “implies” or “is contained 
in’’—the relation ¢ of the Boole-Schréder Algebra. This and the idea of 
a class, ““Cls”’, and the e-relation, are defined and their properties demon- 
strated in the “mathematical logic”. In terms of these, the above propo- 
sitions may be read: 


* All our references will be to the fifth edition, which is written in the proposed inter- 
nationa! language, Interlingua, and entitled Formulario Mathematico, Editio v (Tomo v de 
Formulario completo). 

> The independence of various branches in the Formulaire is somewhat greater than a 
superficial examination reveals. Not only are there primitive propositions for arithmetic 
and geometry, but many propositions are assumed as “definitions” which define in that 
discursive fashion in which postulates define, and which might as well be called postulates. 
Observe, for example, the definitions of + and x, to be quoted shortly. 

6 Section m1, § 1, p. 27. 

7 Tbid. 
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‘0 No is a class, or ‘number’ is a common name. 
-1 0 is a number. 


oe 


-2 If ais a number, then the successor of a is a number. 

1-3 If s is a class, and if 0 is contained in s, and if, for every a, ‘a is 
contained in s’ implies ‘the successor of a is contained in s’, then No is 
contained in s (every number is a member of the class s). 

(1-3 is the principle of “mathematical induction ”.) 

1-4 If @ and 6 are numbers, and if the successor of a = the successor 
of 6, then a = b. 

1-5 If ais a number, then the successor of a + 0. 

The numbers are then defined in the obvious way: 1 =0+,2 =14, 
3 = 2+, ete.8 The relation +, which differs from the primitive idea, a +, 
is then defined by the assumptions: ° 

Orla euNo aD eit l=" a. 

(If ais a number, then a + 0 = a.) 

3:2 a,beNowPD.a + (b+) = (a+b) + 
(If a and b are numbers, then a + ‘the successor of b’ = ‘the successor of 
a+ b’.) . 

The relation X is defined by: !° 

120 on ONCE NG cos OF xO = 0 

1:01 a,b,ceNosd.aX (641) =(aXb) +a 

It will be clear that, except for the expression of logical relations, such 
as « and 5, in ideographic symbols, these postulates and definitions are of 
the same general type as any set of postulates for abstract arithmetic. 
A class, No, of members a, b, c, etc., is assumed, and the idea of a +, “suc- 
cessor of a”. The substantive notions, “number” and “zero”’, the de- 
scriptive function, “successor of,” the relations + and X, are not analysed 
but are taken as simple notions.!! However, the properties which numbers 
have by virtue of being members of a class, No, are not taken for granted, as 
would necessarily be done in a non-logistic treatise—they are specifically 
set forth in propositions of the “mathematical logic’? which precedes. 
And the other principles by which proof is accomplished are similarly 
demonstrated. Of the specific differences of method to which this explicit- 
ness of the logic leads, we shall speak shortly. 


8 See ibid., p. 29. 

9 Ibid. 

10 See ibid., § 2, p. 32. 

11 Peano does not suppose them to be wnanalyzable. He says (p. 27): “Quaesitione 
si nos pote defini No, significa si nos pote scribe aequalitate de forma, No = expressione 
composito per signos noto ~ ~7 ... -, quod non est facile”. (This was written after the 
publication of Russell’s Principles of Mathematics, but before Principia Mathematica.) 
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In Principia Mathematica, there are no separate assumptions of arith- 
metic, except definitions which express equivalences of notation and make 
possible the substitution of a single symbol for a complex of symbols. 
There are no postulates, except those of the logic, in the whole work. In 
other words, all the properties of numbers, of sums, products, powers, etc., 
are here proved to be what they are, solely on account of what number is, 
what the relations + and X are, etc. Postulates of arithmetic can be 
dispensed with because the ideas of arithmetic are thoroughly analysed. 
The lengths to which such analysis must go in order to derive all the proper- 
ties of number solely from definitions is naturally considerable. We should 
be quite unable, within reasonable space, to give a satisfactory account of 
the entities of arithmetic in this manner. In fact, the latter half of Volume 
I and the first half of Volume II of Principia Mathematica may be said to 
do nothing but just this. However, we may, as an illustration, follow out 
the analysis of the idea of “cardinal number’’. This will be tedious but, 
with patience, it is highly instructive. 

We shall first collect the definitions which are involved, beginning with 
the definition of cardinal number and proceeding backward to the definition 
of the entities in terms of which cardinal number is defined, and then to 
the entities in terms of which these are defined, and so on.” 


*100-02 NC = D‘Ne. Df 
“Cardinal number”’ is the defined equivalent of “the domain of (the rela- 
tion) Ne”. 

*33:01 D=a@Rla=4{(y}.xRy]. De 
“D”’ is the relation of (a class) a to (a relation) R, when a and R are such 
that a is (the class) « which has the relation R to (something or other) y. 


That is, “D” is the relation of a class of x’s, each of which has the relation 
R to something or other, to that relation R itself. 


*30:01 Ry =Ga)(@ Ry). Df 


“R'y” means “the x which has the relation R to y”’. 

Putting together this definition of the use of the symbol ‘ and the 
definition of ““D”’, we see that “D‘Ne”’ is “the x which has the relation 
D to Ne”, and this 2 is a class a such that every member of a has the rela- 


® The place of any definition quoted, in Principia, is indicated by the reference number. 
The “translations” of these definitions are necessarily ambiguous and sometimes inaccurate, 
and, of course, any “translation” must anticipate what here follows—but in Principia 
precedes. 
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tion Ne to something or other. “D‘R” is “the domain of the relation R”’. 
If “R” be “precedes”, then “D‘R” will be “the class of all those things 
which precede anything’. “Cardinal number”, “NC,” is defined as 
“D‘Ne”, “the domain of the relation Ne”’. 


We now turn to the meaning of “Ne”’. 
*100-01 Ne = sm. Df 


“Ne” is the relation of the class of referents of “sm” to “sm” itself. First, 


” 


let us see the meaning of the arrow over “sm”’. 
"32-01 R=2§{a=4eRy)}. Df 


“R” is “the relation of a to y, where a and y are such that a is the class 
of x’s, each of which has the relation R to y”. If “R” be “precedes”, 
“R” will be the relation of the class “predecessors of y”’ to y itself. 

Now for “sm”. We shall best not study its definition but a somewhat 
simpler proposition. 

rol osnpe= nh bakhelolea=DR.6 = GAR 


6 


‘asm 8” is equivalent to “For some relation R, R is a one-to-one relation, 
while a is the domain of R and 8 is the converse-domain of R”’. 
We have here anticipated the meaning of “C‘R” and of “1 5 1”. 


' 33-02 G=BR[B = 9{(Ax).xRy}]. De 
“CM” is “the relation of (a class) 6 to (a relation) R, when 6 and R are 
such that £ is the class of y’s, for each of which (something or other) x has 
the relation R to y’’. Comparing this with the definition of “D” and of 
“D‘R” above, we see that “C‘R”’, the converse-domain of R, is the class 
of those things to which something or other has the relation R. If “R” 
be “precedes’’, “C‘R”’ will be the class of those things which are preceded 
by something or other. 
#7108 151=R(R“ARc1.RDRel. De 
This involves the meaning of “R”’, of “, and of “1”. 
%32:02 R=Palp=GaRy}. De 
ene signifies “the relation of 8 to 2, when @ and z are such that @ is the 
class of y’s to which a has the relation R. 
Foe Ol hip = 2( Gly) aye pick y}. Df 
“R“B” is “the class of x’s such that, for some y, y is a member of 8, and x 
has the relation R to y. In other words, “Rg” (the R’s of the 6’s) is the 
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class of things which have the relation R to some member or other of the 
class B. If “R” be “precedes”’, “R“B”’ will be the class of predecessors of 
all (any) members of £. 

With the help of this last and of preceding definitions, we can now read 
*71:03. “1351” is “the class (of relations) R, such that whatever has 
the relation R to any member of the class of things-to-which-anything-has- 
the-relation-R, is contained in 1; and whatever is such that any member 
of the class of those-things-which-have-the-relation-R-to-anything has the 
relation R to it, is contained in 1.”’ Or more freely and intelligibly: “131” 
is the class of relations, R, such that if a RB is true, then a is a class of 
one member and 8 is a class of one member: “1 — 1” is the class of all 
one-to-one correspondences. Hence “asm 8”? means “There is a one-to- 
one correspondence of the members of a with the members of 8. “sm” 
is the relation of classes which are (cardinally) similar. 

The analysis of the idea of cardinal number has now been carried out 
until the undefined symbols, except “1”’, are all of them logical symbols;— 
of relations, R; of classes, a, 8, etc.; of individuals, 2, y, etc.; of propo- 
sitional functions such as 2 Ry [which is a special case of ¢(z, y)]; of 
“ex for some x’, (A x). gx; the relations e, ¢, and =; and the idea 
(a2)(ex), “the x for which ¢x is true”. This last notion occurs In various 
special cases, such as D‘R, R‘‘8, ete. 

“1” is also defined in terms which reduce to these, but the definitions 
involved are incapable of precise translation—more accurately, ordinary 
language is incapable of translating them. 


O20L elaera | (eae = ete) | aDE 
EST Olemerete DE 
*50-:01 IT=49(u=y). De" 


€& 32 


“T”’ is the relation of identity; “v’’ is the class of those things which have 
the relation of identity to something or other; and “1”’ is the class of such 
classes, i. e., the class of all classes having only a single member. Thus the 
definition of “1” is given in terms of the idea of individuals, 2 and y, of 
the relation =, of classes, and the idea involved in the use of the arrow 
over I, which has already been analyzed. This definition of 1 is in no 
wise circular, however much its translation may suggest that it is; nor is 
there any circularity involved in the fact that the definition of cardinal 
number requires the previous definition of “1”’. 


Strictly, analysis of =, which differs from the defining relation, [... = ... Df], is 
required. But the lack of this does not obscure the analysis, so we omit it here. 
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We have now completely accomplished the analysis of the idea of cardinal 
number into constituents all of which belong to mathematical logic. The 
important significance of this analysis for the method involved we must 
postpone for a moment to discuss the definition itself. 

If we go back over these definitions, we find that the notion of cardinal 
number can now be defined as follows: “Cardinal number” is the class of 
all those classes the members of which have a one-to-one correspondence 
(with members of some other class). ‘Cardinal number” is the class of 
all the cardinal numbers; and a cardinal number is the class of all those 


J 


classes whose members have a one-to-one correlation with the members of a 
given class. This is definition “in extension”. We most frequently think 
of the cardinal number of a class, a, as a property of the class. Definition 
in extension determines any such property by logically exhibiting the class 
of all those things which have that property. Thus if a be the class com- 
posed of Henry, Mary and John, the cardinal number of a will be deter- 
mined by logically exhibiting all those classes which have a one-to-one 
~ correlation with the members of a—i. e., all the classes with three members. 

“3” will, then, be the class of all classes having three members; ‘“4’’, the 
class of all classes of four, ete. And “cardinal number” in general will be 
the class of all such classes of classes. 

It may be well to observe here also that, by means of ideographic sym- 
bols, we can represent exactly, and in brief space, ideas which could not 
possibly be grasped or expressed or carried in mind in any other terms. 
Perhaps the reader has not grasped those presented: we can assure him it 
is not difficult once the symbolism is clear. And if the symbolism appals 
by its unfamiliarity, we would call attention to the fact that the number of 
different symbols is not greater, nor is their meaning more obscure than 
those of the ordinary algebraic signs. It is the persistent accuracy of the 
analysis that has troubled him; far be it from us to suggest that we do not 
like to think accurately. 

So much analysis may appeal to us as unnecessary and burdensome. 
But observe the consequences of it for the method. When “cardinal 
number” is defined as ‘‘D‘Ne,”’ all the properties of cardinal number follow 
from the properties of “D” and “Ne” and the relation between these 
represented by ‘. And when these in turn are defined in terms of “sm 
and the idea expressed by the arrow, and so on, their properties follow from 
the properties of the entities which define them. And finally, when all the 
constituents of “cardinal number’’, and the other ideas of arithmetic 


bP) 
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have been analyzed into ideas which belong to symbolic logic, all the propo- 
sitions about cardinal number follow from these definitions. When analysis 
of the ideas of arithmetic is complete, all the propositions of arithmetic 
follow from the definitions of arithmetic together with the propositions of 
logic. Now in Principia Mathematica it is found possible to so analyze all 
the ideas of mathematics. Hence the whole of mathematics is proved 
from its definitions together with the propositions of logic. And, except 
the logic, no branch of mathematics needs any primitive ideas or postulates of 
its own. It is thus demonstrated by this analysis that the only postulates 
and primitive ideas necessary for the whole of mathematics are the postu- 
lates and primitive ideas of logic. 

In the light of this, we can understand Mr. Russell’s definition of 
mathematics: !4 ‘ 

“Pure Mathematics is the class of all propositions of the form ‘p im- 
plies g’ where p and gq are propositions containing one or more variables, 
the same in the two propositions, and neither p nor g contains any constants 
except logical constants. And logical constants are all notions definable 
in terms of the following: Implication, the relation of a term to the class 
of which it is a member, the notion of such that, the notion of relation, and 
such further notions as may be involved in the general notion of propositions 
of the above form.” 

The content of mathematics, on this view, is the assertion that certain 
propositions imply certain others, and these propositions are all expressible 
in terms of “logical constants’’, that is, the primitive ideas of symbolic 
logic. ‘These undefined notions, as the reader is already aware, need not 
be numerous: ten or a dozen are sufficient. And from definitions in terms, 
finally, of these and from the postulates of symbolic logic, the whole of 
mathematics is deducible. 

The logistic development of a mathematical system may, like the arith- 
metic of the Formulaire, assume certain undefined mathematical ideas and 
mathematical postulates in terms of these ideas, and thus differ from an 
ordinary deductive system of abstract mathematics only by expressing the 
logical ideas which occur in its postulates by ideographic symbols and by 
using principles of proof supplied by symbolic logic. Or it may, like 
arithmetic in Principia Mathematica, assume no undefined ideas beyond 
those of logic, define all its mathematical ideas in terms of these, and thus 
require no postulates except, again, those of logic. Or it may pursue an 


M4 Principles of Mathematics, p. 3. 


Symbolic Logic, Logistic, and Mathematical Method 301 


intermediate course, assuming some of its ideas as primitive but defining 
others in terms of a previously developed logic, and thus require some 
postulates of its own but still dispense with others which would have been 
necessary in a non-logistic treatment. 

But whichever of these modes of procedure is adopted, the general 
method of proof in logistic will be the same, and will differ from any non- 
logistic treatment. <A non-logistic development will proceed from postulates 
to theorems by immediate inference or the use of syllogism, or enthymeme, 
or the reductio ad absurdum, and such general logical methods. Or it may, 
upon occasion, make use of methods of reasoning the validity of which 
depends upon the subject matter. It may make use of “mathematical 
induction’’, which requires the order of a discrete series with a first term. 
Or if proofs of consistency and independence of the postulates are offered, 
these will make use of logical principles which are most complex and difficult 
of comprehension—principles of which no thoroughly satisfactory account 
has ever been given. The principles of all this reasoning will not be men- 
tioned; it will be supposed that they are understood, though sometimes 
they are clear neither to the reader nor to the mathematician who uses 
them, and they may even be such that nobody really understands them. 
(This is not to say that such proofs are unsound. Proofs by “mathematical 
induction”’ were valid before Frege and Peano showed that they are strictly 
deductive in all respects. But in mathematics as in other matters, the 
assurance or recognition of validity rests upon familiarity and upon prag- 
matic sanctions more often than upon consciously formulated principles.) 
As contrasted with this, the logistic method requires that every principle 
of proof be explicitly given, because these principles are required to state 
each step of proof. 

The method of proof in logistic is sufficiently illustrated by any extended 
proof of Chapter V. Proofs in arithmetic or geometry do not differ in 
method from proofs in the logic, and the procedures there illustrated are 
universal in logistic. An examination of these proofs will show that postu- 
lates and previously established theorems are used as principles of proof 
by substituting for the variables p, q, 7, etc., in these propositions, other 
expressions which can be regarded as values of their variables. The general 
principle 

(p34) 3(-¢ 3-p) 
can thus be made to state 
(pq3p) 3[-p3-( 9) 
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by substituting pq for p and p for g. Or if »e NC be substituted for p 
and ye D‘Ne for q, it states 


[((ue NC) 3 (ue D‘No)] 3 [-(ve D‘Ne) 3-(ue NC)] 


Thus any special case which comes under a general logical principle is 
stated by that principle, when the proper substitutions are made. This is 
exactly the manner in which the principles of proof which belong to sym- 
bolic logic state the various steps of any particular proof in the logistic 
development of arithmetic or geometry. 

Returning to our first example, we discover that in 


(pq3p) 3l-p3-(q)] 
the first half, pq 3, is itself a true proposition. Suppose this already 


proved as, in fact, it is in the last chapter. We can then assert what 
pq3>p is stated by the above to imply, that is, 


—p3-(@) 


We thus prove this new theorem by using pq3p asa premise. To use a 
previous proposition as a premise means, in the logistic method, exactly 
this: to make such substitutions in a general principle of inference, like 


(pg) 3-9 =p) 


that the theorem to be used as a premise appears in the first half of the 
expression—the part which precedes the main implication sign. That 
part of the expression which follows the main implication sign may then 
be asserted as a consequence of this premise. 

There are two other operations which may be used in the proofs of 
logistic—the operation of substituting one of a pair of equivalent expressions 
for the other, and the operation of combining two previously asserted 
propositions into a single assertion.!® The first of these is exemplified 
whenever we make use of a definition. For example, we have, in the system 
from which our illustration is borrowed, the definition 


P+¢ = (=p '=9) 
and the theorem 
p = -(-p) 


’ The operation of combining two propositions, p and q, into the single assertion, 
p q, is not required in systems based on material’implication, because we have 


pqacr=pec(qer) 
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If in the definition, we substitute -p for p and gq for gq, it states 
ay ee Eh 2) al 9 
And then, making the substitutions which the theorem p = -(-p) allows, 
we have 
eda maar) 

which may be asserted as a theorem. Again, if we return to the theorem 
proved above, 

—p 3-(p q) 
we are allowed, by this last equivalence, to make the substitution in it of 
-p+-qfor-(pq). Thus we prove 

—p 3-p+-q 
This sufficiently illustrates the part played in proof by the substitution of 
equivalent expressions. 

We may now see exactly what the mechanics of the logistic method is. 
The only operations required, or allowable, in proof are the following: 

(1) In some postulate or theorem of symbolic logic, other, and usually 
more complex, propositions are substituted for the variables p, q, 7, etc., 
which represent propositions. The postulate or theorem in which these 
substitutions are made is thereby used as a principle of proof which states, 
in this particular case, the proposition which results when these substi- 
tutions are made. 

(2) The postulate or theorem of logic to be used as a principle of proof 
may, and in most cases does, state that something zmplies something else. 
In that event, we may make such substitutions as will produce an expression 
in which that part which precedes the main implication sign becomes 
identical with some postulate or previously proved theorem—of logic, of 
arithmetic, of geometry, or whatever. That part of the expression which 
follows the main implication sign may then bé separately asserted as a new 
theorem, or lemma, which is thus established. The postulate or previously 
proved theorem which is identical with what precedes the main implication 
sign, in such a case, is thus used as a premise. 

It should here be noted that propositions of logic, of geometry, of any 
logistic system, may be used as premises; but only propositions of symbolic 
logic, which state implications, are used as general principles of inference. 

(3) At any stage of a demonstration, one of a pair of equivalent expres- 


sions may be substituted for the other. 
24 
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(4) If, for example, two premises are required for a certain desired 
consequence, and each of these premises has been separately proved, then 
the two may be combined in a single assertion. 

These are all the operations which are strictly allowable in demonstra- 
tions by the logistic method. To their simplicity and definiteness is 
attributable a large part of the precision and rigor of the method. Proof 
is here not a process in which certain premises retire into somebody’s reason- 
ing faculty, there to be transformed by the alchemy of thought and emerge 
in the form of the conclusion. The whole operation takes place visibly in 
the successive lines of work, according to definite rules of the simplest 
possible description. The process is as infallible and as mechanical as the 
adding machine—except in the choice of substitutions to be made, for which, 
as the reader may discover by experiment, a certain amount of intelligence 
is required, if the results are to be of interest. 


Ill. A “HeterrRopox” View or THE NATuRE OF MATHEMATICS AND OF 
LoGISsTIC 


We have now surveyed the general character of logistic and have set 
forth what may be called the “orthodox”’ view of it. As was stated earlier 
in the chapter, the account which has now been given is such as would 
exclude certain systems which would almost certainly be classified as 
logistic in their character. And these excluded systems are most naturally 
allied with another view of logistic, which we must now attempt to set 
forth. The differences between the “orthodox” and this “heterodox”’ 
view have to do principally with two questions: (1) What is the nature of 
the fundamental operations in mathematics; are they essentially of the 
nature of logical inference and the like, or are they fundamentally arbitrary 
and extra-logical? (2) Is logistic ideally to be stated so that all its assertions 
are metaphysically true, or is its principal business the exhibition of logical 
types of order without reference to any interpretation or application? 
The two questions are related. It will appear that the systems which the 
previous account of logistic did not cover are such as have been devised 
from a somewhat different point of departure. One might characterize 
the logistic of Principia Mathematica roughly by saying that the order of 
logic is assumed, and the order of the other branches then follows from the 
meaning of their terms. On the other hand, the systems which remain to be 
discussed might, equally roughly, be characterized by saying that they 
attempt to set up a type of logical order, which shall be general and as 
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inclusive as possible, and to let the meaning of terms depend upon their 
properties of order and relation. Thus this “heterodox” view of logistic 
is one which takes it to cover all investigations and developments of types 
of logical order which involve'‘none but ideographic symbols and proceed 
by operations which may be stated with precision and generality. 

In any case, it must be granted that the operations of the logistic method 
are themselves pre-logical, in the sense that they underlie the proofs of 
logic as well as of other branches. The assumption of these operations— 
substitution, ete.—is the most fundamental of all the assumptions of 
logistic. It is possible to view the subject in a way which makes such 
pre-logical principles the fundamentally important thing, and does not 
regard as essential the use of symbolic logic as a foundation. The pro- 
priety of the term logistic for such studies may be questioned. But if 
such a different view is consistent and useful, it is of little consequence 
what the method ought to be called. 

We see at once that, if such a view can be maintained, Mr. Russell’s 
definition of mathematics, quoted above, is arbitrary, for by that definition 
any “logistic” development which is not based upon logic as a foundation 
will not be mathematics at all. As a fact, it will be simplest to present this 
“heterodox” view of logistic by first presenting and explaining the cor- 
relative view of mathematics. If to the reader we seem here to wander 
from the subject, we promise to return later and draw the moral. 

A mathematical system is any set of strings of recognizable marks in which 
some of the strings are taken initially and the remainder derived from these 
by operations performed according to rules which are independent of any mean- 
ing assigned to the marks. That a system should consist of marks instead 
of sounds or odors is immaterial, but it is convenient to discuss mathe- 
matics as written. The string-like arrangement is due simply to our habits 
of notation. And there is no theoretical reason why a single mark may not, 
in some cases, be recognized as a “string”’. 

The distinctive feature of this definition lies in the fact that it regards 
mathematics as dealing, not with certain denoted things—numbers, tri- 
angles, etc.—nor with certain symbolized “concepts” or “meanings”, 
but solely with recognizable marks, and dealing with them in such wise 
that it is wholly independent of any question as to what the marks repre- 
sent. This might be called the “external view of mathematics”’ or “mathe- 
matics without meaning”. It distinguishes mathematics from other sets 
of marks by precisely those criteria which the external observer can always 
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apply. Whatever the mathematician has in his mind when he develops a 
system, what he does is to set down certain marks and proceed to manipulate 
them in ways which are capable of the above description. 

This view is, in many ways, suggested by growing tendencies in mathe- 
matics. Systems become “abstract”, entities with which they deal “have 
no properties save those predicated by postulates and definitions”, and 
propositions lose their phenomenal reference. It becomes recognized 
that any procedure the only ground for which lies in the properties of the 
is defective and un- 


things denoted—as “constructions” in geometry 
mathematical. Demonstrations must take no advantage of the names 
by which the entities are called. But if Mr. Russell is right, the mathe- 
matician has given over the metaphysics of space and of the infinite only 
to be plunged into the metaphysics of classes and of functions. Questions 
of empirical possibility and factual existence are replaced by questions of 
“logical” possibility—questions about the “existence” of classes, about 
the empty or null-class, about the class of all classes, about “individuals”’, 
about “descriptions”’, about the relation of a class of one to its only member, 
about the “values” of variables and the “range of significance” of func- 
tions, about material and formal implication, about ‘“‘types” and “system- 
atic ambiguities” and “hierarchies of propositions”. And we may be 
pardoned for wondering if the last state of that mathematician is not worse 
than the first. It is possible to think that these logico-metaphysical 
questions are essentially as non-mathematical as the earlier ones about 
empirical possibility and phenomenal existence. One may maintain that 
nothing is essential in a mathematical system except the tzpe of order. 
And the type of order may be viewed as a question solely of the distri- 
bution of certain marks and certain complexes of marks in the system. 
The question of logical meaning, like the question of empirical denotation, 
may be regarded as one of possible applications and not of anything internal 
to the system itself. 

Before discussing the matter further, it may prove best to give an illus- 
tration. Let us choose a single mathematical system and see what we shall 
make of it by regarding it simply as a set of strings of marks. 

We take initially the following eight strings: 


(p>q) = (~pvq 

(p xq) = ~(~p Vv ~9) 

(p = @) = ((p>q) x (q> p)) 
((p Vv p) > p) 
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(q>(pvq)) 
(pV¥Q>(qvp)) 

(pv (gvr))>(qv(pvr))) 
((q>7r) > ((pvq) > (pvr))) 


We must now state rules according to which other strings can be derived 
from the above. In stating these rules, we shall refer to quids and quods: 
these words are to have no connotation; they serve merely for abbreviation 
in referring to certain marks. 

(1) The marks +, x, >, =, and =, are quods. 

(2) The marks p, q, r, are quids; and any recognizable mark not appear- 
ing in the above may be taken arbitrarily as a quid. 

(3) Any expression consisting of two quids, one quod, and the marks 
) and (, in the order (quid quod quid), may be treated as a quid. 

(4) The combination of any quid preceded immediately by the mark ~ 
may be treated as a quid. 

(5) Any string in the set may be repeated. 

(6) Any quid which is separated only by the mark = from some other 
quid, in any string in the set, may be substituted for that other quid any- 
where. 

(7) In any string in the initial set, or in any string added to the list 
according to rule, any quid whatever may be substituted for p or q or 7, 
or for any quid consisting of only one mark. When a quid is substituted 
for any mark in a string, the same quid must also be substituted for that 
same mark wherever it appears in the string. 

(8) The string resulting from the substitution of a quid consisting of 
more than one mark for a quid of one mark, according to (7), may be added 
- to the list of strings. 

(9) In any string added to the list, according to (8), if that portion of 
the string which precedes any mark > is identical with some other string 
in the set, preceded by (, then the portion of that string which follows the 
mark > referred to may be separately repeated, with the omission of the 
final mark ), and added to the set. 

These rules are unnecessarily awkward. In the illustration, it was 
important not to refer to “propositions’’, “relations’’, ““ variables’’, “ paren- 
theses,” etc., lest it should not be clear that the rules are independent of 
the meanings of the marks. But though cumbersome, they are still precise. 
The original eight strings of marks are, with minor changes of notation, 


358 A Survey of Symbolic Logic 


definitions and postulates of divisions *1 to *5 in Principia Mathematica. 
By following the rules given, anyone may derive all the theorems of these 
divisions and all other consequences of these assumptions, without knowing 
anything about symbolic logic—either before or after. In fact, these 
rules formulate exactly what the authors have done in proving the theorems 
from the postulates.° For this reason, it is unnecessary to carry our illus- 
tration further and actually derive other strings of marks from the initial 
set. The process may be observed in detail in Principia Mathematica: 
it is, in all important respects, the same with the process of proof exhibited 
in our Chapter V. 

The method of development in Principia Mathematica differs from the 
one we have suggested, not in the actual manipulation of the strings of 
marks, but most fundamentally in that the reasons why—the principles— 
of their operations are to be found, not in explicitly stated rules, but in 
discussions and assumptions concerning the conceptual content of the 
system. In fact, the rules of operation are contained in explanations of 
the meaning of the notation—in discussions of the nature and properties 
of “elementary propositions”’, “elementary propositional functions’, and 
so forth. For example, instead of stating that certain substitutions may 
be made for p, g, 7, etc., they assume as primitive ideas the notions of 
“elementary propositions’—p, gq, r, ete.—the notion of “elementary 
propositional functions” — ga, yz, ete.—and the idea of “negation’’, indi- 
cated by writing ~ immediately before the proposition. And in part, the 
rules of operation are contained in certain postulates, distinguished by 
their non-symbolic form: “If p is an elementary proposition, ~p is an 
elementary proposition”’, “If p and q are elementary propositions, p vq 
is an elementary proposition’’, and “If gp and Wp are elementary propo- 
sitional functions which take elementary propositions as arguments, gp V yp 
is an elementary propositional function. The warrant for the substitution 
of various complexes for p, q, 7, ete., is contained in these. The operation 
which requires our complicated rule (9), which states precisely what may 
be done, is covered by their assumptions: “Anything implied by a true 
elementary proposition is true”, and “When ga can be asserted, where 2 
is a real variable, and gx > yx can be asserted, where a is a real variable, 
then Ya can be asserted, where x is a real variable”. To make the con- 
nection between these and our rule, we must remember that > is the 


With the single and unimportant exception that they do not add every new string 
which they arrive at, to the list of strings. Many such are simply asserted as lemmas, 
used immediately for one further proof and not listed as theorems. 
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symbol for “implies”, that if what precedes this sign is identical with 
some other string in the set, that means that what precedes is true or is 
asserted, and that the number of ‘open’ and ‘close’ parenthetic marks will 
indicate whether the implication in question is the main, or asserted, impli- 
cation. 

We have chosen this particular system to illustrate the requirements 
of “mathematics without meaning”’ for a special reason, which will appear 
shortly. But the same sort of modifications would be sufficient to bring 
any good mathematical system into this form; and in most cases such 
modifications would be necessary. 

If, for example, the system in question were one of the better-known 
algebras, we should probably have “a class, K, of elements, a, b, c, etc.”, 
and such assumptions as “If a and 6 are elements in K, a + b is an element 
in K”’. These would do duty as the principles according to which, for 
example, x + y would be substituted for a in any symbolic postulate or 
theorem. The changes in such a system would be less radical, hardly 
more than alterations in phraseology, but still necessary. 

Reliance upon meanings for the validity of the method has obvious 
advantages. It is simple and natural and clear. (So is measuring two 
line-segments with a foot rule to prove equality.) It also has disadvantages. 
Besides the logico-metaphysical questions into which this reliance upon 
meanings plunges us, there is the disadvantage that it works a certain 
confusion of the form of the system with its content. The clear separation 
of these is the ideal set by “mathematics without meaning”. Not only 
must mathematical procedure be free from all appeal to intuition or to 
empirical data; it should also be independent of the meaning of any special 
concepts which constitute the subject matter of the:system. No alteration 
or abridgment of mathematical procedure anywhere should be covered by 
the names which are given to the terms. Only those relations or other 
properties which determine a system as a particular type of order should 
be allowed to make a difference in its manner of development. 

To secure complete separation of form from special content, and to 
present the system as purely formal and abstract, means precisely to use 
principles of operation which are capable of statement as rules for the 


manipulation of marks—though, in general, the meticulous avoidance of 
any reference to “meanings”’ would be a piece of pedantry. The important 
consideration is the fact that the operations of any abstract and really rigorous 


mathematical system are capable of formulation without any reference to truth 
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or meanings..? We are less interested in any superiority of this “ external 
view of mathematics’, or in the conjectured advantages of such procedure 
as has been suggested, than in its bare possibility. If the considerations here 
presented are not wholly mistaken, then the ideal of form which requires 


17 It is possible to regard such manipulation of marks, the discovery of sufficiently 
precise rules and of initial strings which will, together, determine certain results, and the 
exhibition of the results which such systems give, as the sole business of the mathematician. 

Mathematics, so developed, achieves the utmost economy of assertion. Nothing is 
asserted. There are no primitive ideas. Since no meanings are given to the characters, 
the strings are neither true nor false. Nothing is assumed to be true, and nothing is asserted 
as “proved”. It is not even necessary to assert that certain operations upon certain marks 
give certain other marks. The initial strings are set down: the requirements of pure 
mathematics are satisfied if the others are got and recorded. Yet these initial strings and 
the rules of operation determine a definite set of strings of marks—determine unambiguously 
and absolutely a certain mathematical system. 

To many, such a view will seem to exclude from mathematics everything worthy of 
the name. These will urge that the modern developments of mathematics have aimed 
at exact analysis into fundamental concepts; that this analysis does, as a fact, bring about 
such simplification of the essential operations as to make possible mechanical manipulation 
of the system without reference to meanings; but that it is absurd to take this shell of 
refined symbolism for the meat of mathematics. To any such, it might be replied that 
the development of kinematics as an abstract mathematical system does not remove the 
physics of matter in motion from the field of experimental investigation; that abstract 
geometry still leaves room for all sorts of interesting inquiry about the nature of our space: 
that for every system which is freed from empirical denotations there is created the separate 
investigation of the possible applications of this system. Correspondingly, for every 
system which is made independent of classes, individuals, relations, and so on, there is 
created the separate investigation of the metaphysical status of the classes, individuals, 
and relations in question—of the application of the system of marks to systems of more 
special ‘‘concepts”’, 1. e. to systems of logical and metaphysical entities. That we are 
more interested in the applications of a system than in its rigorous development, more 
interested in its “meaning” than in its structure, should not lead to a confusion of meaning 
with structure, of applications with method of development. 

It may be further objected that this view seems to remove mathematics from the 
field of science altogether and make it simply an art; that the computer would, by this 
definition, be the ideal mathematician. But there is one feature of mathematics, even as a 
system of marks, which is not, and cannot be made, mechanical. Valid results may be 
obtained by mechanical operations, and each single step may be essentially mechanical, 
yet the derivation of “required” or “interesting” or ‘valuable’ results will need an in- 
telligent and ingenious manipulator. Gulliver found the people of Brobdingnag (?) feed- 
ing letters into a machine and waiting for it to turn out a masterpiece. Well, master- 
pieces are combinations achieved by placing letters in a certain order! However mechanical 
the single operation, it will take a mathematician to produce masterpieces of mathematics. 
A machine, or machine-like process, will start from something given, take steps of a deter- 
mined nature, and render the result, whatever it is; but it will not choose its point of 
departure and select, out of various possibilities, the steps to be taken in order to achieve a 
desired result. Is not just this ingenuity in controlling the destination of simple operations 
the peculiar skill which mathematics requires? The mathematician, like any other sci- 
entific investigator, is largely engaged upon what are, from the point of view of the finished 
science, inverse processes: he gets, by trial and error, or intuition, or analogy, what he 
presents finally as rigidly necessary. To produce or reveal necessities previously un- 
noticed—this is the peculiar artistry of his work. 
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that mathematics abstract not only from possible empirical meanings but 
also from logical or metaphysical meanings is a wholly attainable ideal. 
And if this is possible, then Mr. Russell’s view that “Pure Mathematics 
is the class of all propositions of the form ‘p implies q’, etc.’’, is an arbitrary 
definition, and the ideal of form which it imposes is not a necessary one, 
but must take its chances with other such ideals. The decision among 
these will, then, be a matter of choice, dependent upon the advantages to 
be gained by one or the other form. There is no a priori reason why 
systems which are generated by “mathematical” operations, some of which 
may be peculiar to the system and meaningless in logic, are not just as 
“sound” and “good” and even “ideal” as systems developed by the com- 
pletely analytical method of Principia Mathematica which reduces all 
operations to those of logic. And “extra-logical”’ modes of development 
may be just as universal as the “logical’’, since symbolic logic itself may be 
developed by the “extra-logical” method. It was to make this clear that 
we chose the particular system which we did for our illustration. 

In fact, symbolic logic, or that branch of it which is developed first as a 
basis for others, must be developed by operations the validity of which is 
presumed apart from the logic so developed. It may, indeed, be the case 
that logic is developed by methods which it validates by its own theorems, 


c 


when these are proved; it may thus be “self-critical”, or “circular”’ in a 
sense which means consistency rather than fallacy. But this is not really 
to the point: if the validity of certain operations is presupposed, then that 
validity is presupposed, whether it 1s afterward proved valid or not. There 
is, then, a certain advantage in the explicit recognition that a system of 
symbolic logic is merely a set of strings of marks, manipulated by certain 
arbitrary and -“extra-logical”’ principles. It is, in fact, only on this view 
that symbolic logic can be abstract. For symbolic logic, as has already 
been pointed out, is peculiar among mathematical systems in that its postu- 
lates and theorems are used to state proofs. If, then, the proofs are to be 
logically valid, these postulates and theorems must be true, and the system 
cannot be abstract. But if the “proofs” are required to be 
in the sense that certain arbitrary and extra-logical rules for manipulation 
have been observed, then it matters no more in logic than in any other 
branch whether the propositions be true, or even what they mean. There 
is the same possibility of choice here that there is in the case of other mathe- 
matical systems—the choice which is phrased most sharply as the alterna- 
tive between the Russellian view and the “external view of mathematics”’.'8 


18Jt may be noted that if mathematics consists of “propositions of the form ‘p im- 


“valid” only 
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If we take this view of mathematics, or any view which regards arbitrary 
mathematical operations as equally fundamental with the operations of 
logic, we shall then give a different account of logistic and of its relation 
to logic. We shall, in that case, regard symbolic logic as one mathematical 
system, or type of order, among others. We shall recognize the possibility 
of generating all other types of order from the order of logic, but we shall 
find no necessity in this proceeding. We may, possibly, find some other 
very general type of order from which the order of logic may be derived. 
And the question of any hierarchic arrangement of systems will then depend 
upon convenience or simplicity or some other pragmatic consideration. 
Logistic will, then, be defined not by any relation to symbolic logic but as 
the study of types of order as such, or as any development of mathematics 
which seeks a high degree of generality and complete independence of 
any particular subject matter. 


IV. Tue Logistic MretHop or KEMPE AND ROYCE 


We should not care to insist upon the “external view of mathematics” 
and the consequent view of logistic which has been outlined. Other con- 
siderations aside, it seems especially dubious to dogmatize about the ideal 
of mathematical form when there is no common agreement on the topic 
among mathematicians. But we can now answer the questions which 
prefaced this discussion: Are the fundamental operations of mathematics 
those of logic or are they extra-logical? And is logistic ideally to be so 
stated that all its assertions are metaphysically true or is it concerned simply 
to exhibit certain general types of order? The answer is that it is entirely a 
matter of choice, since either view can consistently be maintained and 
mathematics be developed in the light of it This is especially important 
for us, since, as has been mentioned, there are certain studies which would 
most naturally be called logistic which would not be covered by the “ortho- 


plies q’, where p and q are propositions containing one or more variables, etc.”, and the 
theorems about “implies” are required to be true if proofs are to be valid, all mathematics 
must be true in order to be valid. On this view, “abstractness”’ can reside only in the 
range of the variables contained in p and q. 

19 One case in which the ‘external view of mathematics” is highly convenient, is of 
especial interest to us. There are various symbolic “logics”? which differ from one another 
both in method and in content. Discussion of the correctness and relative values of these 
is almost impossible unless we recognize that the order of logic can be viewed quite apart 
from its content—that a symbolic logic may be abstract, just like any other branch of 
mathematics—and thus separate the question of mathematical consistency (of mere ob- 
servance of arbitrary and precise principles of operation) from questions of applicability 
of a system to valid reasoning. The difficulty of making this separation hampered our 
discussion of “implies” in the last chapter. 
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dox”’ view, since they are based, not upon logic, but upon an order prior 
to or inclusive of logic. These studies exemplify a method which differs 
in notable respects both from that of Peano and that of Principia Mathe- 
matica. And it seems highly desirable that we should discuss this alterna- 
tive method without initial prejudice. 

It is characteristic of this alternative method that it seeks to define 
initially a field, or class of entities, and an order in this field, which shall be 
mathematically as inclusive as possible, so that more special orders may be 
specified by principles of selection amongst the entities. It is distinguished 
from the method followed by Peano in the Formulaire by the fact that it 
seeks to get special orders, such as that of geometry, without further 
“existence postulates’’, and from the method of Principia Mathematica by 
the attempt to substitute selection within an initial order for analysis (defini- 
tion by previous ideas) of newly introduced terms. The result is that this 
method is particularly adapted to exhibit the analogies of different special 
fields—the partial identities of various types of order. 

The application of this method has not been carried out extensively 
enough so that we may feel certain either of its advantages or of its limita- 
tions. The method is, in a certain sense, exemplified wherever we have 
various mathematical systems all of which satisfy a given set of postulates, 
but each—or, say, all but one—satisfying some one or more of the postulates 
“vacuously”’.. For here we have an ordered field within which other and 
more limited systems are specified by a sort of selection. (“Selection”’ is 
not the proper word, but no better one has occurred to us.) It is particu- 
larly in two studies of the relation of geometry to logic that the method has 
been consciously followed: 2° in a paper by A. B. Kempe, “On the Relation 
between the Logical Theory of Classes and the Geometrical Theory of 
Points,’’! and in Josiah Royce’s study, “The Relation of the Princi- 
ples of Logic to the Foundations of Geometry”’. We shall hardly wish to 
go into these studies in detail, but something of the mode of procedure and 
general character of the results achieved may be indicated briefly. 

Kempe enunciates the principle that “. . . so far as processes of exact 
thought are concerned, the properties of any subject matter depend solely 
on the fact that it possesses ‘form’—i. e., that it consists of a number of 


20 Peirce’s system of “logical quaternions” (see above, pp. 102-04) also exhibits 
something of this method. 

21 Proc. London Math. Soc., xxt (1890), 147-82. 

2 Trans. Amer. Math. Soc., vi (1905), 353-415. 

Some portions of the discussion of this paper and Kempe’s are here reprinted from an 
article, “Types of Order and the System 2,” in Phil, Rev. for May, 1916. 
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entities, certain individuals, pairs, triads, &c., certain of which are exactly like 
each other in all their relations, and certain not; these like and unlike indi- 
viduals, pairs, triads, &c., being distributed through the whole system of 
entities in a definite way’’.* In illustration of this theory, he seeks to 
derive the order both of logical classes and of geometrical sets of points 
from assumptions in terms of a triadic relation, ac-b, which may be read 
“b is ‘between’ a andc’’. The type of this relation may be illustrated as 
follows: Let a, b, c represent areas; then ac-b symbolizes the fact that } 
includes whatever area is common to a and ¢, and is itself included in the 
area which comprises what is either a or ¢ or common to both. Or it 
may be expressed, in the Boole-Schréder Algebra as 


(ac) cbc(ate), or a-bce+-ab-c = 0 


The essential properties of serial order may be formulated in terms of this 
relation. If ac-b and ad:c, then also ad-b and bd:-c. If b is between 
a and ¢ and ¢ is between a and d, then also b is between a and d, and ¢ is 
between b and d.”4 


Thus the relation gives the most fundamental property of linear sets. 
If a be regarded as the origin with reference to which precedence is deter- 


3 “On the Relation between, etc.’’, loc. cit., p. 147. 
4 Assuming ac-b to be expressed in the Boole-Schréder Algebra (as above) by 
(ac) cbc(atc) 
this deduction is as follows: 
ac-b is equivalent to (ac) cb ¢(a+c). 
ad:c is equivalent to (ad) ccc (a+d). 
By the laws of the algebra, 
(ac) ¢b is equivalent to a -bc = 0. 


bc (a+c) is equivalnt to -(a+c) b = -ab -c = 0. 
(a d) €c is equivalent to a -cd = 0. 
cc (a+d) is equivalent to -(a+d)c = -ac-d = 0. 


Combining these premises, i. e. adding the equations, we have 
a-be+-ab-c+a-cd+-ac-d = 0. 

Expanding each term of the left-hand member with reference to that one of the 
elements, a, 6, c, d, not already involved in it, 
a-bced+a-bce-d+-ab-cd+-ab-c-d+ab-cdt+a-b-cd 

+-abc-d+-a-bc-d =0 

By the law “If a+b = 0, a = 0”, we get from this, 

(1) a-bd (c+-c)+-ab -d (c+-c) =0 =a-bd+-ab -d, 
and (2) b-cd (a+-a)+-bce-d(a+-a) =0 =b-cd+t+-be -d. 

(1) is equivalent to (ad) cb ¢ (a +d), or ad:b, 
and (2) is equivalent to (bd) cc ¢ (b +d), or bd-c. 
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mined, ac¢-b will represent “b precedes c’”’, and ad-c that “c precedes d”’. 
Since ac-b and ad-c together give ad-b, we have: if “b precedes c” and 
“e precedes d”’, then “b precedes d”. Hence this relation has the essential 
transitivity of serial order, with the added precision that it retains reference 
to the origin from which “precedes”’ is determined. 

The last-mentioned property of this relation makes possible an inter- 
pretation of it for logical classes in which it becomes more general than 
the inclusion relation of ordinary syllogistic reasoning. If there should 
be inhabitants of Mars whose logical sense coincided with our own—so 
that any conclusion which we regarded as valid would seem valid to them, 
and vice versa—but whose psychology was somewhat different from ours, 
these Martians might prefer to remark that “bd is ‘between’ a and c’’, 
rather than to note that “All ais b and al) bisc”’. These Martians might 
then carry on successfully all their reasoning in terms of this triadic ‘ between’ 
relation. For ac-b, meaning 


-ab-c+a-—-be =0 


is a general relation which, in the special case where a is the “null” class 
contained in every class, becomes the familiar “b is contained in c”’ or 
“Allbise”’. By virtue of the transitivity pointed out above, 0 c-b and 0 d-e 
together give 0 d-b, which is the syllogism in Barbara, “Tf all 6 is ¢ and all 
c is d, then all b is d’’. Hence these Martians would possess a mode of 
reasoning more comprehensive than our own and including our own as a 
special case. 

The triadic relation of Kempe is, then, a very powerful one, and capable 
of representing the most fundamental relations not only in logic but in 
all those departments of our systematic thinking where unsymmetrical 
transitive (serial) relations are important. In terms of these triads, 
Kempe states the properties of his “base system’’, from whose order the 
relations of logic and geometry both are derived. The “base system” 
consists of an infinite number of homogeneous elements, each having an 
infinite number of equivalents. It is assumed that triads are disposed in 
this system according to the following laws: * 


% It should be pointed out that while capable of expressing such relations, this triadic 
relation is itself not necessarily unsymmetrical: ac-b and ab-c may both be true. But in 
that case, b = c, as may be verified by adding the equations for these two triads. Further, 
for any a and b, ab-a and ab-b always hold—d is always contained in itself. Thus the 
triadic relation represents serial order with the qualification that any term “ precedes” 
itself or is ‘‘ between” itself and any other—an entirely intelligible and even useful con- 
vention. 

28 See Kempe’s paper, loc. cit., pp. 148-49. 
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1. If we have ab-pandc b-q, r exists such that we have a q:r and ¢ p-r. 
2. If we have a b-pandc p-r, ¢exists such that we have a q-r andc b-r.™ 
3. If we have a b-c and a = 0, thene =a = Bb. 


4. Ifa = b, then we have ac:b and bc-a, whatever entity of the system 
c may be. 

To these, Kempe adds a fifth postulate which he calls the Law of Con- 
tinuity: “No entity is absent from the system which can consistently be 
present”. From these assumptions and various definitions in terms of 
the triadic relation, he is able to derive the laws of the symbolic logic of 
classes and fundamental properties of geometrical sets of points. But 
further and most important properties of geometrical sets depend upon the 
selection of such sets within the “base system” by the law: *8 


If we have a-p-gq, 


b-p-q, 
and a-b-p does not hold; 
then 9 = q@. 


‘a-p-q’ here represents a relation of a, p, and 4, such that some one at 
least of ap-q, aq:p, pq-a will hold. If we call ab-c a “linear triad”’, 
then the set or locus selected by the above law will be such that no two 
linear ‘triads of the ‘points’ comprised in it can have two non-equivalent 
‘points’ in common. Of such a geometric set, Kempe says:7® “It is 
precisely the set of entities which is under consideration by the geometrician 
when he is considering the system of points which make up flat space of 
unlimited dimensions’’. 

But there are certain dubious features of Kempe’s procedure. As Pro- 
fessor Royce notes, the Law of Continuity makes postulates 1 and 2 super- 
fluous. And there are other objections to it also. Moreover, in spite of 
the fact that Kempe has assumed an infinity of elements in the “base set”’, 
there are certain ambiguities and difficulties about the application of his 
principles to infinite collections. 

In Professor Royce’s paper, we have no such ‘blanket assumption’ as 
the Law of Continuity, and the relations defined may be extended without 
difficulty to infinite sets. We have here, in place of the “base system” 
and triadic relations, the “system »’’, the “F-relation” and the “O-rela- 


°7 If the reader will draw the triangle, a bc, and put in the ‘“‘ betweens”’ as indicated, 
the geometrical significance of these postulates will be evident. I have changed a little 
the order of Kempe’s terms so that both 1 and 2 will be illustrated by the same triangle. 

*8 See Kempe’s paper, loc. cit., pp. 176-77. 

29 Tbid:, p. 177. 
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tion”. The F-relation is a polyadic relation such, that F(ab... /vy...) is 
expressible in the Boole-Schréder Algebra as 


ab...-u-y...+-a-b...2y... =0 


This is the generalization of Kempe’s a c-b, which is F(ac/b). The O-rela- 
tion is a polyadic symmetrical relation which expresses simultaneously a 
whole set of equivalent F-relations. O(abc...) is expressible as 


abe...+-a-b-c... =0 


We have used the algebra of classes to express these relations, but in 
Professor Royce’s paper, this order is, of course, reversed. In terms of O- 
relations, the ideas of the logic of classes are defined, and from the postula- 
tion of certain O-relations, the laws of the symbolic logic of classes are de- 
rived. And, in most interesting ways which we cannot here discuss, the 
order of the system = is also shown to possess all the fundamental proper- 
ties of geometric sets of points. The system > has a structure such that it 
might be called “the logical continuum”’, and there are good grounds for 
presuming that types of order in the greatest variety may be specified within 
the system simply by selection. In the words of Professor Royce: *° 

“Wherever a linear series is in question, wherever an origin of codrdi- 
nates is employed, wherever ‘cause and effect’, ‘ground and consequence,’ 
orientation in space or direction of tendency in time are in question, the 
diadic asymmetrical relations involved are essentially the same as the rela- 
tion here symbolized by p —< ,q, [‘q¢ is “between” y and p’; or, with y 
as origin, ‘p precedes g’; or, where y is the null-class, ‘p is contained 
in qg’; or, in terms of propositions, ‘p implies q’]. This expression, then, 
is due to certain of our best established practical instincts and to some of 
our best fixed intellectual habits. Yet it is not the only expression for the 
relations involved. It is in several respects inferior to the more direct 
expression in terms of O-relations. . . . When, in fact, we attempt to de- 
scribe the relations of the system » merely in terms of the antecedent- 
consequent relation, we not only limit ourselves to an arbitrary choice. of 
origin [y in p —< ,q], but miss the power to survey at a glance relations 
of more than a diadic, or triadic character.” 


V. SUMMARY AND CONCLUSION 


There are, then, in general, three types of logistic procedure. There is, 
first, the “simple logistic method”’, as we may call it—the most obvious 


30 “The Relations of the Principles of Logic, ete.,” loc. cit., pp. 381-82, 
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one, in which the various branches of pure mathematics, taken in the non- 
logistic but abstract form, are simply translated into the logistic terms which 
symbolize ideographically the relations involved in proof. When this 
translation is made, the proofs in arithmetic, or geometry, etc., will be 
simply special cases of the propositions of symbolic logic. But other 
branches than logic will have their own primitive or undefined ideas and 
their own postulates in terms of these. We have used Peano’s Formulaire 
as an illustration of this method, although the Formulaire has, to an extent, 
the characters of the procedure to be mentioned next. Second, there is 
the hierarchic method, or the method of complete analysis, exemplified by 
Principia Mathematica. Here the calculus of propositions (or implications) 
is first developed, because by its postulates and theorems all the proofs of 
other branches are to be stated. And, further, all the terms and relations 
of other branches are to be so analyzed, i. e., defined, that from their defini- 
tion and the propositions of the logic alone, without additional primitive 
ideas or postulates, all the properties of these terms will follow. And, 
third, there is the method of Kempe and Royce. This method aims to 
generate initially an order which is not only general, as is the order of logic, 
but inclusive, so that the type of order of various special fields (in as large 
number and variety as possible) may be derived simply by selection—i. e., 
by postulates which determine the class which exhibits this special order as 
a selection of members of the initially ordered field.** For this third method, 
other types of order will not necessarily be based upon the order of logic: 
in the only good examples which we have of the method, logic is itself 
derived from a more inclusive order. The sense in which such a procedure 
may still be regarded as logistic has been made clear in what precedes. 
Which of these methods will, in the end, prove most powerful, no one 
can say at present. The whole subject of logistic is too new and un- 
developed. But certain characters of each, indicating their adaptability, 
or the lack of it, to certain ends, can be pointed out. The hierarchic or 
completely analytic method has a certain imposing quality which right- 
fully commands attention. One feels that here, for once, we have got to 
the bottom of things. Any work in which this method is extensively carried 
out, as it is in Principia Mathematica, is certainly monumental. Further, 
the method has the advantage of setting forth various branches of the 
subject investigated in the order of their logical simplicity. And the step 


*t Professor Royce used to say facetiously that the system 2 had some of the properties 
of a junk heap or a New England attic. Almost everything might be found in it: the ques- 
tion was, how to get these things out. 
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from one such division to another based upon it is always such as to make 
clear the connection between the two. The initial analyses—definitions— 
which make such steps possible are, indeed, likely to tax our powers, but 
once the initial analysis is correctly performed, the theorems concerning the 
derived order will be demonstrable by processes which have already become 
familiar and even stereotyped. The great disadvantage of this completely 
analytic method is its great complexity and the consequent tediousness of 
its application. It is fairly discouraging to realize that the properties of 
cardinal number require some four hundred pages of prolegomena—in a 
symbolism of great compactness—for their demonstration. To those whose 
interests are simply “mathematical” or “scientific” in the ordinary sense, 
it is forbidding. 

The simple logistic method offers an obvious short-cut. It preserves 
the notable advantages of logistic in general—the brevity and precision 
of ideographic symbols, and the consequent assurance of correctness. And 
since it differs from the non-logistic treatment in little save the introduction 
of the logical symbols, it makes possible the presentation of the subject in 
hand in the briefest possible form. When successful, it achieves the acme 
of succinctness and clearness. Its shortcoming lies in the fact that, having 
attempted little which cannot be accomplished without logistic, it achieves 
little more than is attained by the ordinary abstract and deductive presenta- 
tion. For what it is, it cannot be improved upon; but those who are inter- 
ested in the comparison of types of order, or the precise analysis of mathe- 
matical concepts, will ask for something further. 

No one knows how far the third method—that of Kempe and Royce— 
can be carried, or whether the system », or some other very inclusive type 
of order, will be found to contain any large number, or all, of the various 
special orders in which we are interested. But we can see that, so far as 
it works, this method gives a maximum of useful result with a minimum of 
complication. It avoids the complexities of the completely analytic method, 
yet it is certain to disclose whatever analogies exist between various systems, 
by the fact that its terms are allowed to denote ambiguously anything which 
has the relations in question, or relations of precisely that type. In another 
important respect, also, advantage seems to lie with this method. One 
would hardly care to invent a new geometry by the analytical procedure; 
it is difficult enough to present one whose properties are already familiar. 
Nor would one be likely to discover the possibility of a new system by 
the simple logistic procedure. With either of these two methods, we need 

25 


370 A Survey of Symbolic Logic 


to know where we are going, or we shall go nowhere. By contrast, the 
third method is that of the pathfinder. The prospect of the novel is here 
much greater. The system > may, probably does, contain new continents 
of order whose existence we do not even suspect. And some chance trans- 
formation may put us, suddenly and unexpectedly, in possession of such 
previously unexplored fields. The outstanding difficulty of the method, 
apart from our real ignorance of its possibilities, seems to be that it must 
rely upon devices which are not at all obvious. It may not tax severely 
the analytical powers, but it is certain to tax the ingenuity. Having set 
up, for example, the general order of geometrical points, one may be at a 
loss how to specify “lines” having the properties of Euclidean parallels. 
In this respect, the analytic method is superior. But the prospect of 
generality without complexity, which the third method seems to offer, is 
most enticing. 

We have spoken of symbolic logic, logistic and mathematics. It may 
well be questioned whether the method of logistic does not admit of useful 
application beyond the field of mathematics. Symbolic logic is an instru- 
ment as much more flexible and more powerful than Aristotelian logic as 
modern science is more complex than its medieval counterpart. Some of 
the advantages which might have accrued to alchemy, had the alchemists 
reduced their speculations to syllogisms, might well accrue to modern sci- 
ence through the use of symbolic logic. The use of ideographic symbolism 
is capable of making quite the same difference in the case of propositions and 
reasoning that it has already made in the case of numbers and reckoning. 
It is reported that the early Australian settlers could buy sheep from the 
Bushmen only by holding up against one sheep the coins or trinkets repre- 
senting the price, then driving off that sheep and repeating the process. 
It might be reported of the generality of our thinking that it is possible to 
get desired conclusions only by holding up one or two propositions, driving 
off the immediate consequences, and then repeating the process. Symbolic 
logic is capable of working the same transformation in the latter case that 
arithmetic does in the former. Those unfamiliar with logistic may not 
credit this—but upon this point we hesitate to press the analogy. Certain 
it is, that for the full benefit that symbolic logic is capable of giving, we 
should need to be brought up in it, as we are in the simpler processes of 
arithmetic. What the future may bring in the widespread use of this 
new instrument, one hardly ventures to prophesy. 

Some of the advantages which would be derived from the wider use of 
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logistic in science, one can make out. The logistic method is applicable 
wherever a body of fact or of theory approaches that completeness and 
systematic character which belongs to mathematical systems. And by the 
use of it, the same assurance of correctness which belongs to the mathe- 
matical portions of scientific subjects may be secured for those portions 
which are not stateable in terms of ordinary mathematics. 

Dare we make one further suggestion of the possible use of logistic in 
science? Since it seems to us important, we shall venture it, with all due 
apologies for our ignorance and our presumption. A considerable part 
seems to be played in scientific investigation by imagery which is more or 
less certainly extraneous to the real body of scientific law. The scientist is 
satisfied to accept a certain body of facts—directly or indirectly observed 
phenomena, “laws,’’ and hypotheses which, for the time being at least, 
need not be questioned. But beyond this, he finds a use for what is neither 
directly nor indirectly observed, but serves somehow to represent the situ- 
ation. A physicist, for example, will indulge in mechanical models of the 
ether, or mechanical models of the atom which, however much he may hope 
to verify them, he knows to run beyond established fact. The value of 
such imagery is, in part at least, its concreteness. The established relations, 
simply in terms of mathematics and logic, do not come to possess their full 
significance unless they are vested in something more palpable. A great 
deal of what passes for “hypothesis” and “theory” seems to have, in part 
at least, this character and this value; if it were not for the greater “sug- 
gestiveness”’ of the concrete, much of this would have no reason for being. 
Now whoever has worked with the precise and terse formulations of logistic 
realizes that it is capable of performing some of the offices of concrete 
imagery. Its brevity enables more facts to be “seen” at once, thought of 
together, treated as a single thing. And a logistic formulation can be free 
from the unwarranted suggestions to which other imagery is liable. Perhaps 
a wider use of logistic would help to free science from a considerable body of 
“hypotheses” whose value lies not in their logical implications but in their 
psychological “suggestiveness”. But the reader will take this conjecture 
only for what it is worth. What seems certain is that for the presentation 
of a systematic body of theory, for the comparison of alternative hypotheses 
and theories, and for testing the applicability of theory to observed facts, 
logistic is an instrument of such power as to make its eventual use almost 
certain. 

Merely from the point of view of method, the application of logistic to 
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subjects outside the field of mathematics needs no separate discussion. 
For when mathematics is no longer viewed as the science of number and 
quantity, but as it is viewed by Mr. Russell or by anyone who accepts the 
alternative definition offered in this chapter, then the logistic treatment 
of any subject becomes mathematics. Mathematics itself ceases to have 
any peculiar subject matter, and becomes simply a method. Logistic is 
_ the universal method for presenting exact science in ideographic symbols. 
It is the “universal mathematics” of Leibniz. 


Finis 


NAVE TTS IN ADE OE 


TWO FRAGMENTS FROM LEIBNIZ 


(Translated from the Latin of Gehrhardt’s text, Die Philosophischen Schriften von G. W. 
Leibniz, Band VII, “Scientia Generalis. Characteristica,’ XIX and XX.) 

These two fragments represent the final form of Leibniz’s “universal calculus”: their 
date is not definitely known, but almost certainly they were written after 1685. Of the 
two, XX is in all respects superior, as the reader will see, but XIX also is included because 
it contains the operation of “subtraction” which is dropped in XX. Leibniz’s compre- 
hension of the fact that + and — (or, in the more usual notation, “multiplication” and 
“division”’) are not simple inverses in this calculus, and his appreciation of the complexity 
thus introduced, is the chief point of interest in XIX. The distinction of “subtraction” 
(in intension) and negation, is also worthy of note. It will be observed that, in both 
these fragments, A + B (or A ® B) may be interpreted in two ways: (1) As “both A 
and B”’ in intension; (2) as “either A or B”’, the class made up of the two classes A and B, 
in extension. The “logical” illustrations mostly follow the first interpretation, but in XX 
(see esp. scholium to defs. 3, 4, 5, and 6) there are examples of the application to logical 
classes in extension. The illustration of the propositions by the relations of line-segments 
also exhibits the application to relations of extension. Attention is specifically called to 
the parallelism between relations of intension and relations of extension in the remark 
appended to prop. 15, in XX. The scholium to axioms 1 and 2, in XX, is of particular in- 
terest as an illustration of the way in which Leibniz anticipates later logistic developments. 

The Latin of the text is rather careless, and constructions are sometimes obscure. 
Gehrhardt notes (p. 232) that the manuscript contains numerous interlineations and is 
difficult to read in many places. 


XIX 
NON INELEGANS SPECIMEN DEMONSTRANDI IN ABSTRACTIS! 


Def. 1. Two terms are the same (eadem) if one can be substituted for the other with- 
out altering the truth of any statement (salva veritate). If we have A and B, and A enters 
into some true proposition, and the substitution of B for A wherever it appears, results in a 
new proposition which is likewise true, and if this can be done for every such proposition, 
then A and B are said to be the same; and conversely, if A and B are the same, they can 
be substituted for one another as I have said. Terms which are the same are also called 
coincident (coincidentia); A and A are, of course, said to be the same, but if A and B are 
the same, they are called coincident. 

Def. 2. Terms which are not the same, that is, terms which cannot always be sub- 
stituted for one another, are different (diversa). Corollary. Whence also, whatever terms 
are not different are the same. 

Charact. 1.2 A = B signifies that A and B are the same, or coincident. 

Charact. 2.2 A + B, or B + A, signifies that A and B are different. 

Def. 3. If a plurality of terms taken together coincide with one, then any one of the 
plurality is said to be in (inesse) or to be contained in (contineri) that one with which they 


1 This title appears in the manuscript, but Leibniz has afterward crossed it out. Al- 
though pretentious, it expresses admirably the intention of the fragment, as well as of the 
next. ‘ 

2 We write A = B where the text has A ~ B. 

3 We write A + B where the text has A non ~ B. 


373 


374 A Survey of Symbolic Logic 


coincide, and that one is called the container. And conversely, if any term be contained in 
another, then it will be one of a plurality which taken together coincide with that other. 
For example, if A and B taken together coincide with L, then A, or B, will be called the 
inexislent (inexistens) or the contained; and L will be called the container. However, it 
can happen that the container and the contained coincide, as for example, if (A and B) = L, 
and A and L coincide, for in that case B will contain nothing which is different from A. . . .4 

Scholium. Not every inexistent thing is a part, nor is every container a whole—e. g., 
an inscribed square and a diameter are both in a circle, and the square, to be sure, is a certain 
part of the circle, but the diameter is not a part of it. We must, then, add something for 
the accurate explanation of the concept of whole and part, but this is not the place for it. 
And not only can those things which are not parts be contained in, but also they can be 
subtracted (or ‘‘abstracted”, detrahi); e. g., the center can be subtracted from a circle 
so that all points except the center shall be in the remainder; for this remainder is the locus 
of all points within the circle whose distance from the circumference is less than the radius, 
and the difference of this locus from the circle is a point, namely the center. Similarly the 
jocus of all points which are moved, in a sphere in which two distinct points on a diameter 
remain unmoved, is as if you should subtract from the sphere the axis or diameter passing 
through the two unmoved points. 

On the same supposition [that A and B together coincide with L], A and B taken 
together are called constituents (constituentia), and L is called that which is constituted 
(constitutum). 

Charact, 8. A+ B = L signifies that A zs in or ts contained in L. 

Scholium. Although A and B may have something in common, so that the two taken 
together are greater than L itself, nevertheless what we have here stated, or now state, will 
still hold. It will be well to make this clear by an example: Let L denote the straight 
line RX, and A denote a part of it, say the line RS, and B denote 
another part, say the line XY. Let either of these parts, RS or RY SX 
XY, be greater than half the whole line, RX; then certainly it 
cannot be said that A + B equals L, or RS + XY equals RX. For inasmuch as YS is a 
common part of RS and XY, RS + XY will be equal to RX + SY. And yet it can truly 
be said that the lines RS and XY together coincide with the line RS5 


P M N 
(ae aR a. CO TR Ay A A 
hp N\A Ws Ne Def. 4. If some term M is in A and also in B, it 
ioe = ' } 1 is said to be common to them, and they are said to be 
\ 7] : . . * . 
We Sage righ communicating (communicantia).6 But if they have 
es, a Ps . . 5 
cles yi eer yer. ie nothing in common, as A and WNW (the lines RS and 
mat a BA o4 XS, for example), they are said to be non-communt- 
pan Vie cating (incommunicantia). 
Vv 
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Def. 5. If A is in L in such wise that there is another term, N, in which belongs 
everything in L except what is in A, and of this last nothing belongs in N, then A is said 
to be subtracted (detraht) or taken away (removert), and N is called the remainder (residuum). 

Charact.4. L — A =WN signifies that L is the container from which if A be sub- 
tracted the remainder is N. 

Def. 6. If some one term is supposed to coincide with a plurality of terms which 
are added (positis) or subtracted (remotis), then the plurality of terms are called the con- 
stituents, and the one term is called the thing constituted.7 

4 Lacuna in the text, followed by ‘‘significet A, significabit Nihil”’. 

5 Italics ours. 

° The text here has ‘‘communicatia’’, clearly a misprint. 

7 Leibniz’s idea seems to be that if A + N = L then L is “constituted” by A and N, 
and also if L — A = N then L and A “constitute” N. Butit may mean that if L — A = N, 
then A and N ‘constitute’ L. 
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Scholium. ‘Thus all terms which are in anything are constituents, but the reverse 
does not hold; for example, L — A = N, in which case L is not in A. 

Def. 7. Constitution (that is, addition or subtraction) is either tacit or expressed,— 
N or — M the tacit constitution of M itself, as A or — A in which N is. The expressed 
constitution of NV is obvious.’ 

Def. 8. Compensation is the operation of adding and subtracting the same thing in 
the same expression, both the addition and the subtraction being expressed [as A + M 
— M). Destruction is the operation of dropping something on account of compensation, 
so that it is no longer expressed, and for M — M putting Nothing. 

Axiom 1. If a term be added to itself, nothing new is constituted or A + A = A. 

Scholium. With numbers, to be sure, 2 +2 makes 4, or two coins added to two 
coins make four coins, but in that case the two added are not identical with the former two; 
if they were, nothing new would arise, and it would be as if we should attempt in jest to 
make six eggs out of three by first counting 3 eggs, then taking away one and counting 
the remaining 2, and then taking away one more and counting the remaining 1. 

Axiom 2. If the same thing be added and subtracted, then however it enter into the 
constitution of another term, the result coincides with Nothing. Or A (however many 
times it is added in constituting any expression) — A (however many times it is subtracted 
from that same expression) = Nothing. 

Scholium. Hence A — A or (A +A —) —A or A (A + A), ete. = Nothing. For 
by axiom 1, the expression in each case reduccs to A — A. 

Postulate 1. Any plurality of terms whatever can be added to constitute a single 
term; as for example, if we have A and B, we can write A + B, and call this L. 

Post. 2. Any term, A, can be subtracted from that in which it is, namely A + B 
or L, if the remainder be given as B, which added to A constitutes the container L—that 
is, on this supposition [that A + B = L] the remainder L — A can be found. 

Scholium. In accordance with this postulate, we shall give, later on, a method for 
finding the difference between two terms, one of which, A, is contained in the other, L, 
even though the remainder, which together with A constitutes Z, should not be given— 
that is, a method for finding L — A, or A + B — A, although A and L only are given, 
and B is not. 

THEOREM 1 


Terms which are the same with a third, are the same with each other. 

If A = Band B = C, then A = C. For if in the proposition A = B (true by hyp.) 
C be substituted for B (which can be done by def. 1, since, by hyp., B = C), the result 
ith ss (Ch (@)IayID) 

THEOREM 2 

If one of two terms which are the same be different from a third term, then the other of the 
two will be different from it also. 

lf A = Band B + C, then A +C. For if in the proposition B + C (true by hyp.) 
A be substituted for B (which can be done by def. 1, since, by hyp., A = B), the result is 
ACESS Oa yIDY 


[Theorem in the margin of the manuscript. ] 


Here might be inserted the following theorem: Whatever is in one of two coincident 


terms, is in the other also. 
If A is in B and B = C, then also A isin C. For in the proposition A is in B (true 


by hyp.) let C be substituted for B. 
THEOREM 3 


If terms which coincide be added to the same term, the results will coincide. 
If A = B, thn A+C=B+C. For if in the proposition A + C = A+C (true 


8 This translation is literal: the meaning is obscure, but see the diagram above. 
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per se) you substitute B for A in one place (which can be done by def. 1, since A = B), 
it givesA +C=B+C. Q.E.D. 

Corotuary. If terms which coincide be added to terms which coincide, the results will 
coincide. If A= BandL=M,thenA+L=B+M. For (by the present theorem) 
since L = M, A+L =A-+M, and in this assertion putting B for A in one place (since 
by hyp. A = B) givsA+2Z=B+M. Q.E.D. 


THEOREM 4 


A container of the container is a container of the contained; or if that in which some- 
thing is, be itself in a third thing, then that which is in it will be in that same third thing— 
that is, if A is in B and B is in C, then also A is in C. 

For A is in B (by hyp.), hence (by def. 3 or charact. 3) there is some term, which we 
may call L, such that A + L = 8B. Similarly, since B is in C (by hyp.), B+ M =C, 
and in this assertion putting A + ZL for B (since we show that these coincide) we have 
A+L+M=C. But putting N for L + M (by post. 1) wehave A +N =C. Hence 
(by def. 3) AisinC, Q.E.D. 


THEOREM 5 


Whatever contains terms individually contains also that which is constituted of them. 

If A is in C and B is in C, then A + B (constituted of A and B, def. 4) isin C. For 
since A is in C, there will be some term M such that A + M =C (by def. 3). Similarly, 
since BisinC, B+ N =C. Putting these together (by the corollary to th. 3), we have 
A+M+B+N=C+C. ButC+C=C (by ax. 1), hence A+M+B4+N =C. 
And therefore (by def. 3) A+ BisinC. Q.E.D.9 


THEOREM 6 


Whatever ts constituted of terms which are contained, is in that which is constituted of the 
containers. 

If Aisin M and Bisin N, then A + BisinM +N. For A isin M (by hyp.) and M 
isin M + WN (by def. 3), hence A is in M + N (by th. 4). Similarly, B is in N (by hyp.) 
and N isin M + N (by def. 3), hence B isin M + N (by th. 4). Butif Aisin M+ N 
and B isin M + N, then also (by th. 5) A+ Bisin M+N. Q.E.D. 


THEOREM 7 
If any term be added to that in which it is, then nothing new is constituted; or if B isin A, 
then A+B=A, 
For if B is in A, then [for some C] B + C =A (def. 3). Hence (by th. 3) A+B 
=B+C+B=8-+C (by ax. 1) =A (by the above). Q.E.D. 


CONVERSE OF THE PRECEDING THEOREM 
If by the addition of any term to another nothing new is constituted, then the term added 
is in the other. 
If A + B = A, then Bisin A; for Bisin A + B (def. 3), and A + B = A (by hyp.). 
Hence B is in A (by the principle which is inserted between ths. 2 and 3). Q.E.D. 


THEOREM 8 


If terms which coincide be subtracted from terms which coincide, the remainders will 
coincide. 

If A =LandB=M,thnA—B=L—M, ForA—B=A —B (true per se), 

°JIn the margin of the manuscript at this point Leibniz has an untranslatable note, 


the sense of which is to remind him that he must insert illustrations of these propositions in 
common language. 
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and the substitution, on one or the other side, of L for A and M for B, gives A —-B = L 
—M. Q.E.D. 

[Note in the margin of the manuscript.] In dealing with concepts, subtraction (de- 
tractio) is one thing, negation another. For example, ‘‘non-rational man’’ is absurd or 
impossible. But we may say; An ape is a man except that it is not rational. [They 
are] men except in those respects in which man differs from the beasts, as in the case of 
Grotius’s Jumbo! (Homines nist qua bestiis differt homo, ut in Jambo Grotii). “Man” 
— “rational” is something different from “non-rational man”. For “man” — “rational” 
= “brute”. But “non-rational man” is impossible. ‘Man’ — “animal” — “rational” 
is Nothing. Thus subtractions can give Nothing or simple non-existence—even less than 
nothing—but negations can give the impossible." 


THEOREM 9 


(1) From an expressed compensation, the destruction of the term compensated follows, 
provided nothing be destroyed in the compensation which, being tacitly repeated, enters 
into a constitution outside the compensation [that is, + N — N appearing in an expression 
may be dropped, unless NV be tacitly involved in some other term of the expression]; 

(2) The same holds true if whatever is thus repeated occur both in what is added and 
in what is subtracted outside the compensation; 

(3) If neither of these two obtain, then the substitution of destruction for compensa- 
tion [that is, the dropping of the expression of the form + N — N] is impossible. 

Casel. Tf A+ N —M—WN =A — M, and A, N, and M be non-communicating. 
For here there is nothing in the compensation to be destroyed, + N — N, which is also 
outside it in A or M—that is, whatever is added in + N, however many times it is added, 
is in + N, and whatever is subtracted in — N, however many times itis subtracted, is in 
— WN. Therefore (by ax. 2) for + N — N we can put Nothing. 

Case2. If A+ B—B—G =F, and whatever is common both to A + B [i. e., 
to A and B] and to G and B, is M, then F = A —G. In the first place, let us suppose 
that whatever A and G@ have in common, if they have anything in common, is H, so that 
if they have nothing in common, then # = Nothing. Thus [to exhibit the hypothesis 
of the case more fully] 4d =H+Q+M, B=N+M, andG=H+H-+M, so that 
F=H+Q+M+N—WN —M —H — M, where all the terms ZH, Q, M, N, and H are 
non-communicating. Hence (by the preceding case) F =Q-—-H=H+Q+4+M-—E 
-H—-M=A—G. 

Case 3. If A + B — B—D =C, and that which is common to A and B does not 
coincide with that which is common to B + D [i. e., to B and D], then we shall not have 
C=A-—D. ForletB=EH+F+G,andA =H+8#, and D=K + F, so that these 
constituents are no longer communicating and there is no need for further resolution. 
Then C=H+#H+F+G—H-—F—G-—K —F, that is (by case 1) C=H —K, 
which is not = A — D (since A — D = H + H — K — F), unless we suppose, contrary 
to hypothesis, that Z = F—that is that B and A have something in common which is also 
common to B and D, This same demonstration would hold even if A and D had 
something in common. 


10 Apparently an allusion to some description of an ape by Grotius. 

4 This is not an unnecessary and hair-splitting distinction, but on the contrary, per- 
haps the best evidence of Leibniz’s accurate comprehension of the logical calculus which 
appears in the manuscripts. It has been generally misjudged by the commentators, because 
the commentators have not understood the logic of intension. The distinction of the 
merely non-existent and the impossible (self-contradictory or absurd) is absolutely essential 
to any calculus of relations in intension. And this distinction of subtraction (or in the more 
usual notation, division) from negation, is equally necessary. It is by the confusion of 
these two that the calculuses of Lambert and Castillon break down. 
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THroreM 10 


A subtracted term and the remainder are non-communicating. 

If L — A = N, Laffirm that A and N have nothing in common. For by the definition 
of “subtraction” and of “remainder”, everything in L remains in N except that which is 
in A, and of this last nothing remains in NV. 


THEeorEM 11 


Of that which is in two communicating terms, whatever part is common to both and the 
two exclusive parts are three non-communicating terms. 

If A and B be communicating terms, and A = P + M and B = N + M, so that 
whatever is in A and B both is in M, and nothing of that is in P or N, then P, M, and N 
are non-communicating. For P, as well as N, is non-communicating with M, since what- 
ever is in M isin A and B both, and nothing of this description is in P or N. Then P and 
N are non-communicating, otherwise what is common to them would penetrate into A 
and B both. 


PROBLEM 


To add non-coincident terms to given coincident terms so that the resulting terms shall 
coincide. 

If A = A, I affirm that it is possible to find two terms, B and N, such that B + N 
andyettA+B=A-+N. 

Solution. Choose some term M which shall be contained in A and such that, NV 
being chosen arbitrarily, M is not contained in N nor N in M, andlet B = M+WN. And 
this will satisfy the requirements. Because B = M +N (by hyp.) and M and W are 
neither of them contained in the other (by hyp.), and yet A + B = A +N, since A+B 
=A-+M-+N and (by th. 7, since, by hyp., M is in A) thisis = A + N- 


THEOREM 12 


Where non-communicating terms only are involved, whatever terms added to coincident 
lerms give coincident terms will be themselves coincident. 

That is, if A+ B=C+D and A =C, then B = D, provided that A and B, as 
well as C and D, are non-communicating. For 4 + B-—C=C+4+D-—C (by th. 8); 
but A4+B—-C=A+B-—A (by hyp. that A =C), and A+ B—A=B (by th. 9, 
case 1, since A and B are non-communicating), and (for the same reason) C + D —C = D. 
Hence B = D. Q.E.D. 


THEOREM 13 


In general; if other terms added to coincident terms give coincident terms, then the terms 
added are communicating. 

If A and A coincide or are the same, and A + B = A +N, I affirm that B and N 
are communicating. For if A and B are non-communicating, and A and WN also, then 
B = N (by the preceding theorem). Hence B and N are communicating. But if A and B 
are communicating, let A = P + M and B = Q + M, putting M for that which is common 
to A and B and nothing of this description in P or Q. Then (by ax. 1) A +-B=P+Q 
+M=P+M-+N. But P,Q, and M are non-communicating (by th. 11). Therefore, 
if N is non-communicating with A—that is, with P + M—then (by the preceding theorem) 
it results from P++Q+M=P+M+NthatQ=WN. Hence N isin B; hence N and 
B are communicating. But if, on the same assumption (namely, that P +Q-+ M 
=P-+M-+N, or A is communicating with B) N also be communicating with P + M 
or A, then either N will be communicating with M, from which it follows that it will be 
communicating with B (which contains ) and the theorem will hold, or, N will be com- 
municating with P, and in that case we shall in similar fashion let P = G@ + H and N = F 
+ H, so that G, F, and H are non-communicating (according to th. 11), and from P + Q 
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+M=P+M-+WN we gt G+H+Q+M=G+H+M+F+dH: Hence (by 
the preceding theorem) Q = F. Hence N (= F + H) and B (= Q + M) have something 
incommon. Q.E.D. 

Corollary. From this demonstration we learn the following: If any terms be added 
to the same or coincident terms, and the results coincide, and if the terms added are each 
non-communicating with that to which it is added, then the terms added [to the same or 
coincidents] coincide with each other (as appears also from th. 12). But if one of the 
terms added be communicating with that to which it is added, and the other not, then [of 
these two added terms] the non-communicating one will be contained in the communicating 
one. Finally, if each of the terms is communicating with that to which it is added, then at 
least they will be communicating with each other (although in ancther connection it would 
not follow that terms which communicate with a third communicate with each other). 
To put it in symbols: 4 +B=A+N. If A and B are non-communicating, and A 
and WN likewise, then B = N. If A and B are communicating but A and N are non-com- 
municating, then NV isin B. And finally, if B communicates with A, and likewise N com- 
municates with A, then B and WN at least communicate with each other. 


XX 


Def. 1. Terms which can be substituted for one another wherever we please without 
altering the truth of any statement (salva veritate), are the same (eadem) or coincident 
(coincidentia). For example, ‘‘triangle” and “trilateral”, for in every proposition demon- 
strated by Euclid concerning “‘triangle”, “‘trilateral”’ can be substituted without loss of 
truth. 


A = B® signifies that A and B are the ee 
same, or as we say of the straight line XY ace re 
and the straight lme YX, XY = YX, or the ewer ee 
shortest path of a [point] moving from X to < Nee 
Y coincides with that from Y to X. ieee Bee 


Def. 2. Terms which are not the same, that is, terms which cannot always be sub- 
stituted for one another, are different (diversa). Such are “circle” and “triangle”, or 
“square”? (supposed perfect, as it always is in Geometry) and ‘equilateral quadrangle”’, 
for we can predicate this last of a rhombus, of which “square” cannot be predicated. 

A + B' signifies that A and B are different, as for example, 2 Y S Xx 
the straight lines XY and RS. 

Prop.1. If A = B, then also B= A. If anything be the same with another, then 
that other will be the same with it. For since A = B (by hyp.), it follows (by def. 1) that 
in the statement A = B (true by hyp.) B can be substituted for A and A for B; hence we 
have B = A. 

Prop. 2. If A +B, then alsoB + A. If any term be different from another, then that 
other will be different from it. Otherwise we should have B = A, and in consequence (by 
the preceding prop.) A = B, which is contrary to hypothesis. 

Prop. 3. If A = Band B =(C, then A = C. Terms which coincide with a third term 
coincide with each other. For if in the statement A = B (true by hyp.) C be substituted 
for B (by def. 1, since A = B), the resulting proposition wili be true. 

Coroll. If A = Band B =CandC = D,then A = D; andsoon. ForA = B=C, 
hence A = C (by the above prop.). Again, A = C = D; hence (by the above prop.) 
A= D. 

Thus since equal things are the same in magnitude, the consequence is that things 
equal to a third are equal to each other. The Euclidean construction of an equilateral 
triangle makes each side equal to the base, whence it results that they are equal to each 


24 = BforA o~ B, as before. 
134 + Bfor A non ~ B, as before. 
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other. If anything be moved in a circle, it is sufficient to show that the paths of any two 
successive periods, or returns to the same point, coincide, from which it is concluded that 
the paths of any two periods whatever coincide. 

Prop.4. If A = Band B +C, then A +C. [If of two things which are the same with 
each other, one differ from a third, then the other also will differ from that third. For if in the 
proposition B + C (true by hyp.) A be substituted for B, we have (by def. 1, since A = B) 
the true proposition A + C. 

Def. 3. Aisin L, or L contains A, is the same as to say that L can be made to coin- 
cide with a plurality of terms, taken together, of which A is one. 

Def. 4. Moreover, all those terms such that whatever is in them is in L, are together 
called components (componentia) with respect to the L thus composed or constituted. 

BON = L signifies that B isin L; and that B and N together compose or constitute 
L.4 The same thing holds for a larger number of terms. 

Def. 5. I call terms one of which is in the other subalternates (subalternantia), as A 
and B if either A isin B or Bis in A. 

Def. 6. Terms neither of which is in the other [I call] disparate (disparata). 

Aziom 1. B@®N =N @ B, or transposition here alters nothing. 

Post. 2. Any plurality of terms, as A and B, can be added to compose a single term, 
A@Borl. 

Azviom 2. A @®A=A. If nothing new be added, then nothing new results, or 
repetition here alters nothing. (For 4 coins and 4 other coins are 8 coins, but not 4 coins 
and the same 4 coins already counted). 

Prop. 5. If Aisin Band A =C, then Cis in B. That which coincides with the in- 
existent, ts inexistent. For in the proposition, A is in B (true by hyp.), the substitution 
of C for A (by def. 1 of coincident terms, since, by hyp., A = C) gives, C is in B. 

Prop.6. If Cisin Band A = B, then Cisin A. Whatever is in one of two coincident 
terms, is in the other also. For in the proposition, C is in B, the substitution of A for C 
(smce A = C) gives, Aisin B. (This is the converse of the preceding.) 

Prop.7. Aisin A. Any term whatever is contained in itself. For A isin A @ A 
(by def. of “inexistent”’, that is, by def. 3) and A © A =A (by ax. 2). Therefore (by 
prop. 6), A isin A, 

Prop. 8. If A = B, then A is in B. Of terms which coincide, the one is in the other. 
This is obvious from the preceding. For (by the preceding) A is in A—that is (by hyp.), 
in B. 

Prop.9. If A = B, thn A®C=BOC. If terms which coincide be added to the 
same term, the results will coincide. For if in the proposition, A @ C = A @C (true 
per se), for A in one place be substituted B which coincides with it (by def. 1), we have 
A@®C=Be0C. 
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“In this fragment, as distinguished from XIX, the logical or “real’’ sum is repre- 
sented by ®. Leibniz has carelessly omitted the circle in many places, but we write ® 
wherever this relation is intended. 
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Scholium. This proposition cannot be converted—much less, the two which follow. 
A method for finding an illustration of this fact will be exhibited below, in the problem which 
is prop. 23. 

Prop.10. If A=L and B=M, thn A®B=LOM. [f terms which coincide 
be added to terms which coincide, the results will coincide. ForsinceeB = M,A @B=A®OM 
(by the preceding), and putting L for the second A (since, by hyp., A = L) we have A @ B 
=L@OM. 


y ae ee \ 
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Scholium. This proposition cannot be converted, forif A @B=L@MandA =L, 
still it does not follow that B = M,—and much less can the following be converted. 

Prop.11. If A=L and B=M and C=N, thn A@B@C=LOMON. 
And so on. If there be any number of terms under consideration, and an equal number of 
them coincide with an equal number of others, term for term, then that which is composed of the 
former coincides with that which is composed of the latter. For (by the preceding, since 
A=Land B=WM) we have A®B=LGEM. Hence, since C = N, we have (again 
by the preceding) A®@BOC=LOMBEON. 

Prop.12. If Bis in L, thn A @®B will bein A @L. If the same term be added to 
what ts contained and to what contains i, the former result is contained in the latter. For 
L=B6N (by def. of “inexistent”), and A @ Bisin B @ N @ A (by the same), that 
iss A@®BisnL@a. 
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Scholium. This proposition cannot be converted; for if A ® B isin A @ L, it does 
not follow that B is in L. 

Prop. 13. IfL @B=L, then Bisin L. If the addition of any term to another does 
not alter that other, then the term added is in the other. For B is in L @ B (by def. of “in- 
existent”) and L @ B = L (by hyp.), hence (by prop. 6) B is in L. 
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Let L be “parallelogram” (every side of which is parallel to some side),” B be “quadri- 
lateral”. 

“Quadrilateral parallelogram” is in the same as “parallelogram”’. 

Therefore to be quadrilateral is in [the intension of] “parallelogram”’. 

Reversing the reasoning, to be quadrilateral is in “parallelogram”. 

Therefore, “quadrilateral parallelogram” is the same as “parallelogram”. 

Prop. 14. If B is in L, then L @ B =L. Subalternates compose nothing new; or if 
any term which is in another be added to it, it will produce nothing different from that other. 
(Converse of the preceding.) If Bisin L, then (by def. of “inexistent”’) L = B @ P. Hence 
(by prop. 9) L ® B = B @ P @ B, which (by ax. 2) is = B © P, which (by hyp.) is = L. 

Prop. 15. If A is in B and B is in C, then also A is in C. What is contained in the 
contained, is contained in the container. For A is in B (by hyp.), hence A @ L = B (by 
def. of “inexistent”). Similarly, since B is in C, B @ M = C, and putting A @ L for B 
in this statement (since we have shown that these coincide), we have A @L @® M =C, 
Therefore (by def. of “inexistent”’) A is in C. 


R fe Ss BE RT isin RS, and RS in RX. 
one Y / Hence RT is in RX. 
YS “2 7 A “quadrilateral”, B ‘“parallelogram”’, 
ere Le C “rectangle”’. 
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To be quadrilateral is in [the intension of] ‘“‘parallelogram’’, and to be parallelogram 
is in “rectangle” (that is, a figure every angle of which is a right angle). If instead of 
concepts per se, we consider individual things comprehended by the concept, and put A 
for “rectangle”’, B for “parallelogram”, C for ‘‘quadrilateral’’, the relations of these can 
be inverted. For all rectangles are comprehended in the number of the parallelograms, 
and all parallelograms in the number of the quadrilaterals. Hence also, all rectangles are 
contained amongst (in) the quadrilaterals. In the same way, all men are contained amongst 
(in) all the animals, and all animals amongst all the material substances, hence all men 
are contained amongst the material substances. And conversely, the concept of material 
substance is in the concept of animal, and the concept of animal is in the concept of man. 
For to be man contains [or implies] being animal. 

Scholium. This proposition cannot be converted, and much less can the following. 

Coroll. IfA @ Nisin B, NalsoisinB. ForNisinA @ N (by def. of “inexistent’’). 

Prop. 16. If A is in B and B is in C and C is in D, then also A is in D. And so on., 
That which is contained in what is contained by the contained, is in the container. For if A 
is in B and B is in C, A also is in C (by the preceding). Whence if C is in D, then also 
(again by the preceding) A is in D. 

Prop.17. If A is in B and B is in A, then A = B. Terms which contain each other 
coincide. For if A is in B, then A ® N = B (by def. of “inexistent’”’). But B is in A 
(by hyp.), hence A @ N isin A (by prop. 5). Hence (by coroll. prop. 15) N also is in A. 
Hence (by prop. 14) A = A @ N, that is, A = B. 
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* Leibniz uses ‘‘parallelogram” in its current meaning, though his language may 
suggest a wider use. 
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Prop. 18. If A is in L and B is in L, then also A © Bis in L. What is composed of 
two, each contained in a third, is itself contained in that third. For since A is in L (by hyp.), 
it can be seen that A @ M = L (by def. of “inexistent”). Similarly, since B is in L, 
it can be seen that B @ N = L. Putting these together, we have (by prop. 10) A @ M 
@BON=LOL. Hence (by ax. 2) APBM@OB@N=L. Hence (by def. of 

6 The number of the axiom is given in the text as 5, a misprint. 

“mexistent”) A @ Bisin L. 
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“square”. Hence “regular” is in “square’’. 

Prop.19. If Aisin L and Bis in L and C is in L, thn A®B@®CisinL. And 
soon. Or in general, whatever contains terms individually, contains also what is composed of 
them. For A ® Bis in L (by the preceding). But also C is in L (by hyp.), hence (once 
more by the preceding) A © B @ Cis in L. 

Scholium. It is obvious that these two propositions and similar ones can be con- 
verted. For if A @ B = L, it is clear from the definition of ‘“‘inexistent” that A is in L, 
and Bisin L. Likewise, if A 6 B © C = L, it is clear that A is in LZ, and B is in L, and 
Cisin LZ.” Also that A ® BisinL, and A ® Cisin L, and B @®Cisin LZ. And so on. 

Prop. 20. If Aisin M and Bisin N, then A @ BisinM ® N. [If the former of one 
pair be in the latter and the former of another pair be in the latter, then what is composed of the 
former in the two cases is in what ts composed of the latter in the two cases. For A isin M (by 
hyp.) and M isin M @ N (by def. of “‘inexistent’’). Hence (by prop. 15) A isin M @ N 
Similarly, since B isin N and N isin M @ N, then also (by prop. 18) A ® Bisin M @ N’ 
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Scholium. This proposition cannot be converted. Suppose that A is in M and 
A @BisinM @ N, still it does not follow that B is in N; for it might happen that B as 
well as A is in M, and whatever is in B isin M, and something different in N. Much less, 
therefore, can the following similar proposition be converted. 

Prop. 21. If Aisin M and Bisin N and Cisin P, then A®B@®CisinM ON @ P. 

17 To be consistent, Leibniz should have written ‘(A @ B is in L”’ instead of “A @ B 
= L”, and “A ® B @ C is in L” instead of “A © B © C = L”—but note the method 


of the proof. ; -20 ' 
18 The text has RY here instead of RX: the correction is obvious. 
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And so on. Whatever is composed of terms which are contained, is in what is composed of the 
containers. For since A is in M and B is in N, (by the preceding), A ® Bisin M @N. 
But C is in P, hence (again by the preceding) A 6 B @ Cisin M © Ne@uPs 

Prop. 22. Two disparate terms, A and B, being given, to find a third term, G different 
from them and such that with them it composes subalternates A @ C and B® C—that is, 
such that although A and B are neither of them contained in the other, still A @ C and 
B ® C shall one of them be contained in the other. 

Solution. If we wish that A @ C be contained in B @ C, but A be not contained in B, 
this can be accomplished in the following manner: Assume (by post. 1) some term, 1D). 
such that it is not contained in A, and (by post. 2) let A @ D = C, and the requirements 
are satisfied. 


~e--r ~~ 
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SY and YX are disparate. If RS @ SY = YR, then SY © YRwillbein XY © YR. 

Let A be “equilateral”, B “parallelogram”, D “equiangular’”’, and C ‘“‘equiangular 
equilateral” or “regular”, where it is obvious that although “equilateral” and ‘‘parallelo- 
gram” are disparate, so that neither is in the other, yet “regular equilateral” is in “regular 
parallelogram” or “square”. But, you ask, will this construction prescribed in the problem 
succeed in all cases? For example, let A be “trilateral”, and B “quadrilateral”; is it 
not then impossible to find a concept which shall contain A and B both, and hence to 
find B © C such that it shall contain A @ C, since A and B are incompatible? I reply 
that our general construction depends upon the second postulate, in which is contained 
the assumption that any term and any other term can be put together as components. 
Thus God, soul, body, point, and heat compose an aggregate of these five things. And in 
this fashion also quadrilateral and trilateral can be put together as components. For 
assume D to be anything you please which is not contained in “trilateral”, as “circle”. 
Then A © D is “trilateral and circle”,?° which may be called C. But C @ A is nothing 
but “trilateral and circle” again. Consequently, whatever is in C @ B is also in “tri- 
lateral”, in “circle”, and in “quadrilateral”. But if anyone wish to apply this general 
calculus of compositions of whatever sort to a special mode of composition; for example 
if one wish to unite “trilateral” and “circle” and “quadrilateral” not only to compose 
an aggregate but so that each of these concepts shall belong to the same subject, then it is 
necessary to observe whether they are compatible. Thus immovable straight lines at a 
distance from one another can be added to compose an aggregate but not to compose a 
continuum. 

Prop. 23. Two disparate terms, A and B, being given, to find a third, C, different from 
them [and such that A @ B = A @ C2 

Solution. Assume (by post. 2) C = A @ B, and this satisfies the requirements. 
For since A and B are disparate (by hyp.)—that is (by def. 6), neither is in the other— 

19 Leibniz has carelessly substituted L in the proof where he has D in the proposition 
and in the figure. We read D throughout. 


*0 Leibniz is still sticking to intensions in this example, however much the language 
may suggest extension. 
*1'The proof, as well as the reference in the scholium to prop. 9, indicate that the 


statement of the theorem in the text is incomplete. We have chosen the most conservative 
emendation. 
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therefore (by prop. 18) it is impossible that C = A orC = B. Hence these three are differ- 
ent, as the problem requires. Thus A © C = A @ A @ B (by construction), which (by 
ax. 2)is = A @ B. Therefore A 6 C = A @®B. Which was to be done. 

Prop. 24. To find a set of terms, of any desired number, which differ each from each and 
are so related that from them nothing can be composed which is new, or different from every 
one of them [i. e., such that they form a group with respect to the operation ®]. 

Solution. Assume (by post. 1) any terms, of any desired number, which shall be 
different from each other, A, B, C, and D, and from these let dA @ B = M, MOC=N, 
and N @ D=P. ThenA, B, M,N, and P are the terms required. For (by construction) 
M is made from A and B, and hence A, or B, is in M, and M in N, and Nin P. Hence 
(by prop. 16) any term which here precedes is in any which follows. But if two such are 
united as components, nothing new arises; for if a term be united with itself, nothing new 
arises; L ® L = L (by ax. 2).% If one term be united with another as components, a 
term which precedes will be united with one which follows;, hence a term which is contained 
with one which contains it, as L @ N, but L 6 N = N (by prop. 14).3 And if three are 
united, as L @ N @ P, then a couple, L @ N, will be joined with one, P. But the couple, 
L @® N, by themselves will not compose anything new, but one of themselves, namely the 
latter, V, as we have shown; hence to unite a couple, L @ N, with one, P, is the same as 
to unite one, N, with one, P, which we have just demonstrated to compose nothing new. 
And so on, for any larger number of terms. Q.E.D. 

Scholium. It would have been sufficient to add each term to the next, which contains 
it, as M, N, P, etc., and indeed this will be the situation, if in our construction we put 
A = Nothing and let B = M. But it is clear that the solution which has been given is of 
somewhat wider application, and of course these problems can be solved in more than one 
way; but to exhibit all their possible solutions would be to demonstrate that no other 
ways are possible, and for this a large number of propositions would need to be proved 
first. But to give an example: five things, A, B, C, D, and E, can be so related that they 
will not compose anything new only in some one of the following ways: first, if A is in B 
and Bin Cand Cin D and Din £; second, if A @ B = Cand C isin Dand D in £; third, 
ifA @ B=CandAisinDandB@D=E#E. The five concepts which follow are related 
in the last, or third, way; A “equiangular”’, B “equilateral”, C “regular”, D “rectangle”, 
E “square’’, from which nothing can be composed which does not coincide with them, since 
“equiangular equilateral’ coincides with “regular”, and ‘“equiangular”’ is in [the intension 
of] ‘rectangle’, and “equilateral rectangle” coincides with “square”. Thus “regular 
equiangular”’ figure is the same as that which is at once “regular” and ‘regular equi- 
lateral”, and “equiangular rectangle” is “rectangle’’, and ‘‘regular rectangle” is “square”’. 

Scholium to defs. 3, 4, 5, and 6. We say that the concept of the genus 7s in the concept 
of the species; the individuals of the species amongst (in) the individuals of the genus; a 
part in the whole; and indeed the ultimate and indivisible in the continuous, as a point 
is in a line, although a point is not a part of the line. Likewise the concept of the attribute 
or predicate is in the concept of the subject. And in general this conception is of the 
widest application. We also speak of that which is in something as contained in that in 
which it is. We are not here concerned with the notion of ‘‘contained” in general—with 
the manner in which those things which are “in” are related to one another and to that 
which contains them. Thus our demonstrations cover also those things which compose 
something in the distributive sense, as all the species together compose the genus. Hence 
all the inexistent things which suffice to constitute a container, or in which are all things 
which are in the container, are said to compose that container; as for example, A @ B are 
said to compose L, if A, B, and L denote the straight lines RS, YX, and RX, for RS @ YX 
= RX. And such parts which complete the whole, I am accustomed to call “cointe- 
grants”, especially if they have no common part; if they have a common part, they are 


2 The number of the axiom is omitted in the text. 
23 The number of the prop. is omitted in the text. 
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called “co-members”, as RS and RX. Whence it is clear that the same thing can be 
composed in many different ways if the things of which it is composed are themselves 
composite. Indeed if the resolution could finally be carried to infinity, the variations of 
composition would be infinite. Thus all synthesis and analysis depends upon the principles 
here laid down. And if those things which are contained are homogeneous with that in 
which they are contained, they are called parts and the container is called the whole. If 
two parts, however chosen, are such that a third can be found having a part of one and a 
part of the other in common, then that which is composed of them is continuous. Which 
illustrates by what small and simple additions one concept arises from another. And I 
call by the name “subalternates” those things one of which is in the other, as the species 
in the genus, the straight line RS in the straight line RX; “disparates” where the opposite 
is the case, as the straight lines RS and YX, two species of the same genus, perfect metal 
and imperfect metal—and particularly, members of the different divisions of the same 
whole, which (members) have something in common, as for example, if you divide “metal” 
into “perfect” and ‘“imperfect”’, and again into “soluble in aqua fortis” and “insoluble”, 
it is clear that “metal which is insoluble in aqua fortis”’ and “perfect metal” are two dispa- 
rate things, and there is metal which is perfect, or is always capable of being fulminated in 
a cupel,”4 and yet is soluble in aqua fortis, as silver, and on the other hand, there is imperfect 
metal which is insoluble in aqua fortis, as tin. 

Scholium to axioms 1 and 2. Since the ideal form of the general [or ideal form in 
general, speciosa generalis] is nothing but the representation of combinations by means of 
symbols, and their manipulation, and the discoverable laws of combination are various,” 
it results from this that various modes of computation arise. In this place, however, we 
have nothing to do with the theory of the variations which consist simply in changes of 
order [i. e., the theory of permutations], and AB [more consistently, A @ B] is for us the 
same as BA [or B @ A]. And also we here take no account of repetition—that is AA [more 
consistently, A © A] is for us the same as A. Thus wherever these laws just mentioned 
can be used, the present calculus can be applied. It is obvious that it can also be used 
in the composition of absolute concepts, where neither laws of order nor of repetition obtain; 
thus to say “warm and light” is the same as to say “light and warm”, and to say ‘“‘warm 
fire” or “white mi'k”’, after the fashion of the poets, is pleonasm; white milk is nothing 
different from milk, and rational man—that is, rational animal which is rational—is nothing 
different from rational animal. The same thing is true when certain given things are said 
to be contained in (inexistere) certain things. For the real addition of the same is a useless 
repetition. When two and two are said to make four, the latter two must be different 
from the former. If they were the same, nothing new would arise, and it would be as if 
one should in jest attempt to make six eggs out of three by first counting 3 eggs, then 
taking away one and counting the remaining 2, and then taking away one more and counting 
the remaining 1. But in the calculus of numbers and magnitudes, A or B or any other 
symbol does not signify a certain object but anything you please with that number of 
congruent parts, for any two feet whatever are denoted by 2; if foot is the unit or measure, 
then 2 + 2 makes the new thing 4, and 3 times 3 the new thing 9, for it is presupposed that 
the things added are always different (although of the same magnitude); but the opposite 
is the case with certain things, as with lines. Suppose we describe by a moving [point] 
the straight line, RY @ YX = RYX or P @ B = L, going from R to X. If we suppose 
this same [point] then to return from X to Y and stop there, although it does indeed describe 
YX or B a second time, it produces nothing different than if it had described YX once. 
Thus L @ B is the same as L—that is, P ® B ® B or RY @ YX @ XY is the same as 
RY @ YX. This caution is of much importance in making judgments, by means of 
the magnitude and motion of those things which generate or describe, concerning the 

*4 The text here has “. . . fulminabile persistens in capella’’: the correction is obvious. 

%“., . variaeque sint combinandi leges excogitabiles, . . .”’ ‘Excogitabiles”’, 
‘discoverable by imagination or invention”, is here significant of Leibniz’s theory of the 
relation between the “universal calculus” and the progress of science. 

*® Reading “generant”’ for “‘generantur’’—a correction which is not absolutely neces- 
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magnitude of those things which are generated or described. For care must be taken either 
that one [step in the process] shall not choose the track of another as its own—that is, one 
part of the describing operation follow in the path of another—or else [if this should happen] 
this [reduplication] must be subtracted so that the same thing shall not be taken too many 
times. It is clear also from this that “components”, according to the concept which we 
here use, can compose by their magnitudes a magnitude greater than the magnitude of the 
thing which they compose.27 Whence the composition of things differs widely from the 
composition of magnitudes. For example, if there are two parts, A or RS and B or RX, 
of the whole line L or RX, and each of these is greater than half of RX itself—if, for example, 
RX is 5 feet and RS 4 feet and YX 3 feet—obviously the magnitudes of the parts compose 
a magnitude of 7 feet, which is greater than that of the whole; and yet the lines RS and 
YX themselves compose nothing different from RX,—that is, RS @ YX = RX. Accord- 
ingly I here denote this real addition by @, as the addition of magnitudes is denoted by +. 
And finally, although it is of much importance, when it is a question of the actual generation 
of things, what their order is (for the foundations are laid before the house is built), still 
in the mental construction of things the result is the same whichever ingredient we consider 
first (although one order may be more convenient than another), hence the order does not 
here alter the thing developed. This matter is to be considered in its own time and proper 
place. For the present, however, RY 6 YS @ SX is the same as YS @ RY @ SX. 

Scholium to prop. 24. If RS and YX are different, indeed disparate, so that neither 
is in the other, then let RS 6 YX = RX, and RS ® RX will be the same as YX @ RX 
For the straight line RX is always composed by a process of conception (in notionibus). 
If A is “parallelogram” and B “equiangular” 


—which are disparate terms—let Cbe A @ B, Bec 

that is, “rectangle”. Then “rectangular Peace Pa 
parallelogram” is the same as ‘‘equiangular a Were ore Ns 
rectangle”’, for either of these is nothing differ- ils M a \ 
ent from “rectangle”. In general, if Maevius Woe me. ff g \ 
is A and Titius B, the pair composed of the Bearers vara aa oe ho 
two men C, then Maevius together with this x / Ae 
pair is the same as Titius together with this WS Ps Z, Ai 
pair, for in either case we have nothing more SON alll Kis 
than the pair itself. Another solution of See eet Uy 
this problem, one more elegant but less general, 1 ere 

can be given if A and B have something in Aed 


common, and this common term is given and 

that which is peculiar to each of the terms A and B is also given. For let that which is 
exclusively A be M, and that which is exclusively B be N, and let M @ N = D and let 
what is common to A and Bbe P. Then I affirm that A 6 D = B @ D, for since A = P 
®MandB=P@N,wehaveA @D=POM ON andasoBOD=PEM ON. 
sary, since a motion which generates a line is also itself generated; but, as the context shows, 


“generare”’ and “describere” are here synonymous. 
27 Italics ours. 
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